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Abstract 

Many human monoclonal antibodies that neutralize multiple clades of HIV-1 are 

polyreactive and bind avidly to mammalian autoantigens. Indeed, the generation of 

neutralizing antibodies to the 2F5 and 4E10 epitopes of HIV-1 gp41 in man may be 

proscribed by immune tolerance since mice expressing the VH and VL of 2F5 have an 

arrested B-cell development characteristic of central tolerance. This developmental 

blockade implies the presence of tolerizing autoantigens that mitigate effective humoral 

responses. I hypothesize that discreet human antigens are mimicked by the membrane-

proximal external region (MPER) of HIV-1 gp41, and that such mimicry is a wide-spread 

strategy for HIV-1 to evade immune attacks to its vulnerable neutralizing epitopes. 

In the first part of the study, I propose to identify autoantigens mimicked by the 

2F5 and 4E10 epitopes. I used immunoprecipitation coupled with mass spectrometry as 

well as protein arrays to identify the self-antigens recognized by 2F5 and 4E10. The 

binding of antigens was confirmed using serological assays and targeted mutagenesis 

was used to map the binding epitope. We identified human kynureninase (KYNU) and 

splicing factor 3b subunit 3 (SF3B3) as the primary conserved, vertebrate self-antigens 

recognized by the 2F5 and 4E10 antibodies, respectively. 2F5 binds the H4 domain of 

KYNU which contains the complete 2F5 linear epitope (ELDKWA). 4E10 recognizes a 

conformational epitope of SF3B3 that is strongly dependent on hydrophobic 
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interactions. Opossums carry a rare KYNU H4 domain that abolishes 2F5 binding, but 

retain all SF3B3 4E10 epitopes. Immunization of opossums with HIV-1 gp140 induced 

extraordinary titers of serum antibody to the 2F5 ELDKWA epitope but little or nothing 

to the 4E10 determinant. 

Our identification of structural motif shared by vertebrates and HIV-1 provides 

direct evidence that immunological tolerance can impair humoral responses to HIV-1. In 

the second part of the project, I propose to study the mechanisms of immune tolerance 

to B cells expressing the 2F5 antibodies. To determine the B cell repertoire before and 

after tolerance checkpoints, I used the Nojima-Kitamura single B-cell culture that 

supports differentiation into IgG-secreting plasma cells, even autoreactive cells that are 

normally subject to tolerization in vivo. I found that the pre-tolerance compartment 

(small pre-B) from 2F5 KI mice are cells that express the 2F5 V(D)J rearrangements and 

bind HIV-1 gp41, KYNU, and cardiolipin. Mature, post-tolerance B cells from 2F5 KI 

mice, however, are purged of gp41- and KYNU-reactivity, but retain cardiolipin-

binding, and sequence analysis revealed extensive light-chain editing. The anergic B 

cells in the post-tolerance compartment are enriched with self-reactivity to KYNU and 

maintain binding to HIV-1 gp41. Our results demonstrate that tolerance of the 2F5 

epitope is driven by specific reactivity to KYNU, but not general cross-reactivity to 

cardiolipin. In addition, that the peripheral anergic B cells retain self-reactivity and 

binding to HIV-1 gp41 suggests a potential target for activation by immunizations. 
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Lastly, we sought to determine whether the host mimicry by 4E10 and 2F5 

epitopes is also present in other HIV-1 epitopes, including additional conserved 

neutralizing epitopes and more importantly, non-neutralizing epitopes. We used protein 

microarrays to assess autoreactivity of HIV-1 broadly neutralizing antibodies (bnAbs) 

and non-neutralizing antibodies (nnAbs) and found that as a class, bnAbs are more 

polyreactive and autoreactive than nnAbs. The poly- and autoreactive property is 

therefore not a result of chronic inflammation, but rather uniquely associated with 

neutralization, consistent with the role of heteroligation for HIV-1 neutralizing activity. 

In addition, mutation frequencies of bNAbs and nnAbs per se do not correlate with poly- 

and autoreactivity. Our results demonstrate that HIV-1 bnAbs are significantly more 

polyreactive and self-reactive than non-neutralizers, which may subject them to 

immunological tolerance control in vivo. Infrequent poly- or autoreactivity among nnAbs 

implies that their dominance in humoral responses is due to the absence of negative 

control by immune tolerance. 

The results of this study indicate that mimicry of host antigens by HIV-1 is an 

effective mechanism to camouflage vulnerable neutralizing epitopes of HIV-1 and evade 

host immune responses. As a result, protective HIV-1 bnAbs are rare and often poly- or 

autoreactive, constituting a major hurdle that must be overcome to effectively elicit 

protective responses by an HIV-1 vaccine.
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1. Introduction 

1.1 B-cell development 

B cells, which derive their name from development in the avian bursa of 

Fabricius (or the bone marrow in mammals), are the source of antibodies. Each B cell 

encodes an antibody with a unique ligand-specificity. This specificity is reflected by 

antibodies on the surface of the B cell, also known as B-cell receptors (BCR). The 

generation of a pool of antibodies that can collectively recognize a broad range of 

pathogens requires 1) many B cells are present; 2) most B cells exhibit non-identical 

antibody specificities; 3) B cells are capable of recognizing novel targets, or antigens 

(antibody generator) to which the host has never been exposed. 

Therefore, B cells are charged with the seemingly paradoxical requirement of 

having both an enormous potential for diversity as well as a high level of specificity. 

These dual traits of B cells were elucidated by clonal selection theory first proposed by 

Frank Macfarlane Burnet in 1959 [1]. Burnet conjectured that pre-existing pools of 

randomly generated B cells circulate through the body and display their individual 

specificity on the cell membrane. Once the B cell is activated by binding a corresponding 

antigen, it expands exponentially into a predominant clone, capable of secreting 

antibodies specific for that antigen [2]. As detailed below, an elaborate genetic 

mechanism has evolved to generate B cells with vastly diverse antibody specificities, 

and each step during the antibody formation defines a B-cell developmental stage. 
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1.1.1 Antibody structure 

The basic functional unit of antibodies, or immunoglobulins, is an 

immunoglobulin monomer. When secreted, antibodies can be monomeric, dimeric, or 

pentameric. The membrane-bound form of antibody (BCR), however, is always a 

monomer. Each immunoglobulin monomer is comprised of four polypeptide chains: 

two identical heavy chain (HC) and two identical light chain (LC) (Figure 1). These 

polypeptide chains are linked by disulfide bonds so that each HC is linked to one LC 

and the two HCs are linked together (Figure 1). 

Both HC and LC are composed of structurally separate regions, variable regions 

and constant regions, to accommodate two distinct functions of antibodies (Figure 1). 

The variable region (V region) binds specifically to pathogens, and variations in amino 

acid sequences of the V region define antibody specificity. Billions of different V regions 

collectively enable the immune system to respond to a wide range of infections. The 

constant region (C region), in contrast, remains relatively uniform and recruits other 

cells and molecules to destroy the bound pathogen. Five major kinds of HC C regions 

are found in mammals, each defining an isotype, or class, of antibody, denoted by the 

Greek letters α, δ, ε, γ, and µ.  
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Figure 1: Schematic diagram of the structure of an antibody 

Each HC (dark blue) and LC (light blue) in an immunoglobulin monomer contains an 

amino-terminal V region. The rest of each chain is the C region. HC and LC are linked 

by disulfide bonds (S-S), and some isotypes (γ, δ, and α) contain a hinge region in the 

HC. The V region binds antigens and defines an antibody’s specificity. The C region 

mediates effector functions. Adapted from [3]. 
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1.1.2 Immunoglobulin genes 

The immunoglobulin gene system is comprised of separate clusters, or gene loci, 

that correspond to each component of the antibody: HC genes and LC genes each 

containing V genes and C genes (Figure 2A). As two types of LCs, kappa () and lambda 

(λ), are found in mammals, the LC genes include two separate loci, the L and Lλ [4]. 

Each variant of the V region cannot be encoded by a unique gene, as this would 

require far more genes than any vertebrate genome contains [5]. Instead, an elaborate 

genetic mechanism has evolved to combine gene segments from clusters of minigene 

elements. These “minigenes” include the variable (V), diversity (D), and joining (J) gene 

segments (Figure 2A) and are assembled in a process known as V(D)J recombination [6]. 

V(D)J recombination removes unused elements from the genome and is mediated by 

recombination-activating genes 1 and 2 (RAG1 and RAG2) [7].  

1.1.2.1 Organization of V region and C region genes 

The V region of L is encoded by two minigene elements, the V and J gene 

segments. The Lλ is composed of Vλ and Jλ in a similar manner (Figure 2A). Each B cell 

expresses either a rearranged  LC or a rearranged λ LC, but not both. The V region of 

HC, in contrast, is encoded by three segments, VH, D, and JH (Figure 2A). As a result, the 

rearranged VH region requires two steps of recombination, D to JH and VH to DJH joining.  
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Figure 2: Organization of V region and C region gene segments in the mouse  



 

6 

 

 

 

 

 

 

(Fig. 2, continued) Schematic representation of murine immunoglobulin germ-line gene 

segments, showing V (dark blue), D (purple), J (red), and C (light blue) gene segments. 

L, leader sequence, encodes for a leader peptide that guides transport of HC or LC 

through the endoplasmic reticulum (ER) (A) The  and λ LCs are encoded by V, J, and C 

gene segments, while the HC is encoded by V, D, J, and C gene segments. The distances 

(kb) between each gene segment is shown below each diagram. ψ denotes a pseudogene, 

a defective gene unable to encode proteins. (B) An RSS is comprised of a conserved 

heptamer, a nonconserved spacer of 12 (orange) or 23 (brown) bp, and a conserved 

nonamer. (C) RSSs are located 3’ of V segments, 5’ of J segments, and flanking D 

segments. During V(D)J recombination, gene segments with a 12-bp RSS typically only 

join segments with a 23-bp RSS. Adapted from [3]. 
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The joining of V(D)J is guided by recombination signal sequences (RSSs), DNA 

sequences that flank V, D, and J segments (Figure 2B). An RSS consists of a conserved 

heptamer (seven nucleotides), a nonconserved spacer, and a conserved nonamer (nine 

nucleotides) (Figure 2B). The spacer of an RSS can be either 12 or 23 base pairs (bp) long, 

which correspond to either one turn or two turns of the DNA double helix. During V(D)J 

recombination, a gene segment flanked by an RSS with a 12-bp spacer is most efficiently 

joined to another gene segment flanked by an RSS with a 23-bp spacer [8]. This “12/23 

rule” prevents inadvertent recombination events, such as direct joining of VH to JH and 

removal of all D gene segments (Figure 2C). 

The C genes are located downstream (3’) of V genes. The mouse CH gene locus 

contains eight genes in the order of 5’-Cµ-Cδ-Cγ3-Cγ1-Cγ2b-Cγ2a-Cε-Cα-3’ (Figure 2A), 

each encoding for an antibody isotype. Each CH gene, except Cδ, is preceded by a switch 

region (S region) (Figure 3). In a process known as class-switch recombination, the S 

region guides recombination to change the isotype of an already-rearranged VH region 

(Figure 3). No S region is immediately upstream of Cδ, because the IgD isotype 

expression is not achieved through DNA rearrangement, but rather alternative splicing 

of mRNA [9].  
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Figure 3: Class switch recombination from a Cµ to a Cε HC C region gene. 

The activation induced cytidine deaminase (AID) enzyme mediates class switch 

recombination by deaminating cytidine residues within the S regions of Cµ and Cε on 

both strands. This results in formation of double-strand breaks. After DNA repair, the 

intervening DNA sequence is lost in an excision circle. The HC V region (VDJ) is joined 

upstream of the Cε to enable expression of the IgE isotype. Adapted from [3]. 
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1.1.2.2 V(D)J recombination 

Two types of diversity are generated during V(D)J recombination. The quasi-

random combination of gene segments generates marked heterogeneity (combinatorial 

diversity) (Figure 4). For example, it is estimated that a mouse B cell is capable of 

generating approximately 16,000 combinations of VH regions (200 V x 20 D x 4 J) [4]. This 

V region diversity is further amplified by imperfect joining between gene elements 

(junctional diversity), via variable addition or deletion of nucleotides between segments 

[10]. Variable nucleotide additions can be either palindromic sequences (P-nucleotides), 

or non-template-encoded (N-nucleotides). Variable nucleotide deletion is accomplished 

by an exonuclease that remains to be identified. The importance of junctional diversity is 

highlighted in mice with defective terminal deoxynucleotidyltransferase (TdT, the 

enzyme responsible for N-nucleotide addition [11]), which exhibit strikingly limited 

antibody responses [12]. The marked increased diversity through imperfect joining 

between junctions comes with a huge expense: two out of three reading frames are 

shifted, leading to nonproductive rearrangements. 

Inclusion of D elements in the HC gene locus but not L or Lλ can accommodate 

20-times more combinatorial diversity than LC. HC, with two junctions (V-D and D-J), 

also achieve ≈ 6000-times more junctional diversity than the LC loci containing only one 

junction (V-J) [10]. This suggests that the HC contributes to most of the heterogeneity of 

antibodies, whereas the LC fine-tunes the specificity of the HC that it pairs with [10]. 
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Figure 4: Schematic representation of V(D)J recombination products. 

(A) Recombination between a V segment (in this case, V3) and a J segment (in this case, 

J3) is mediated by a 12-bp RSS and a 23-bp RSS and removes intervening sequences. A 

rearranged LC V region is generated upstream of the C region. Note that the recombined 

V region is often flanked by unrearranged V and J regions, allowing for additional LC 

rearrangements. (B) Recombination of the HC V region requires two steps, a D to J 

rearrangement, and V to DJ rearrangement. During this process, all unused D segments 

are removed, thereby eliminating all 12-bp RSSs. Adapted from [3].  
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1.1.3 Pro- and pre-B cell development 

The earliest cells committed to the B-lineage, progenitor B cells (pro-B cells), 

descend from a self-renewing population of hematopoietic stem cells (HSCs) that are 

most frequent in the bone marrow [13]. HSCs first generate multipotent progenitor cells 

(MPPs) with limited self-renewal capacity and the potential to produce both lymphoid 

and myeloid cells. In turn, MPPs generate common lymphoid progenitors (CLP) that 

give rise to pro-B cells [14]. During this process, cells progressively lose the ability to 

self-renew, becoming committed to the lymphoid and then B-cell lineage. MPPs can also 

give rise to lymphoid primed multipotent progenitors (LMPP), which is the primary 

source of early thymic progenitors (ETP) in vivo [15]. 

B-cell development progresses from early to late pro-B cell, followed by large to 

small pre-B cell. At each step, only one gene locus (HC locus, L, or Lλ) is rearranged at 

a time [16]. Early pro-B cells begin D to JH rearrangement at the immunoglobulin HC 

locus. Subsequently, a VH gene segment is joined to DJH during the late pro-B cell phase 

to complete IgH assembly, producing precursor B (pre-B) cells. All pre-B cells contain a 

rearranged IgH with a Cµ region (Figure 3); the HC is known as Igµ. 

As previously noted, the imprecise nature of V(D)J recombination greatly 

increases antibody diversity (by ≈ 3.6 x107-fold) [10]. However, two out of every three 

rearranged Igµ are nonfunctional because random junctional addition or removal of 

nucleotides may alter the reading frame. Therefore, pre-B cells must possess a fuctional 
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Igµ before progressing through development. To achieve this in the absence of a 

rearranged LC, pre-B cells incorporate Igµ with invariant “surrogate” light chains (SLC), 

forming the pre-B-cell receptor (pre-BCR) [17]. Signaling through the pre-BCR is enabled 

by the Igα/Igβ heterodimer, transmembrane molecules that form a complex with the 

BCR and transduce signals through their cytoplasmic domains [18, 19]. In fact, Igα/Igβ 

expression precedes HC gene rearrangement[19], and appears to transduce signals that 

induce antigen-independent early B cell differentiation [20]. 

The requirement for a functional pre-BCR marks the first checkpoint. At least 

45% of pro-B cells produce out-of-frame IgH and are lost at this point [6] (this fraction is 

slightly better than 2/3 as both HC alleles can undergo VDJ rearrangement). Successful 

pre-BCR signaling prompts the B cell into a proliferative phase, known as the large pre-B 

cell stage [21]. Such proliferation is thought to be important to inhibit further IgH 

rearrangement and enforce allelic exclusion, the state in which only one of the two Igh 

alleles is expressed. Indeed, mice lacking λ5, a component of the SLC, cannot form a pre-

BCR, contain VDJ rearrangements on both Igh alleles in all pro-B cells, and cannot 

develop further after HC rearrangement [22]. 

Large pre-B cells exit the cell cycle and become small pre-B cells that cease to 

express SLC and begin to rearrange the Ig and Igλ LC loci [16]. To ensure allelic 

exclusion of the LC, rearrangement seems to take place at only one allele at a time, with 

recombination at the Igλ loci almost always after Ig [23, 24]. Ig rearrangements involve 
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a preferred order that begins with J1 and J2, followed by J4 and J5 (the murine J3 is 

a pseudogene, Figure 2A) [25]. This allows for multiple attempts and increases the 

chances for a productive LC. A successfully rearranged IgL chain is assembled with the 

IgH chain, forming a BCR expressed as surface IgM (sIgM), marking the transition to the 

immature B-cell stage. 

1.1.4 Immature/transitional and mature B cells 

Immature B cells express functional IgM on the surface, and are ready to exit the 

bone marrow, enter the spleen, and complete B-cell development. Mobilization into the 

periphery is enabled by up-regulation of S1P1 receptor in immature B cells [26, 27]. In 

the periphery, immature B cells undergo two transitional stages (T1, T2) sequentially 

prior to becoming fully mature B cells. This developmental pathway was demonstrated 

by transfer of labeled T1 into recipients to produce T2 cells, and both T1 and T2 cells to 

generate mature B cells [28]. T2 cells are capable of entering B-cell follicles in the spleen 

or lymph nodes to develop into fully mature, recirculating B cells.  

Transitional and mature B cells can be distinguished based on their expression of 

immunoglobulin receptors and surface markers. T1 B cells are mIgMhi, mIgD-, negative 

for CD23 (FcεRII), and express low levels of BAFF-R (receptor for the B cell activation 

factor receptor, BAFF). During the T2 stage, the IgH locus produces an Ighm/Ighd 

heterogeneous RNA that allows for alternative splicing to produce both IgM and IgD 

isotypes. This is achieved by the expression of protein Zfp318 that suppresses 
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recognition of the IgM transcriptional termination site [29]. T2 cells also upregulate 

BAFF-R and CD23 [30, 31]. From this point on, BAFF signaling is constitutively required 

for B cell survival [32, 33]. Mature B cells downregulate sIgM levels while accumulating 

high levels of sIgD. This is likely attributable to a highly glycosylated and more stable 

sIgD [34], and the fact that sIgM is efficiently endocytosed in the absence of antigen 

stimulation [35]. Apoptosis is triggered upon conditional deletion of the HC in mature B 

cells [36], demonstrating that signaling through sIgM or sIgD is important for the 

survival of mature B cells. However, the BCR of each isotype can compensate for the loss 

of the other [37, 38], making the function of IgD unclear [39]. 

Whereas BCR crosslinking induces death by apoptosis in T1 B cells, T2 cells are 

activated and induced to proliferate by BCR signaling [40]. Such differences are 

explained by the dissimilar signaling pathways downstream of the BCR. Indeed, BCR 

signaling in T1 B cells leads to calcium release but not diacylglycerol production [41]. 

This combination is thought to induce apoptosis. T2 B cells, in contrast, increase both 

calcium and diacylglycerol upon BCR crosslinking [41]. How can signaling through the 

BCR lead to different outcomes? It is thought that the composition of lipid membranes 

differ between T1 and T2 B cells. T1 B cells contain reduced amount of cholesterol, 

thereby preventing efficient BCR crosslinking into lipid rafts and reducing the intensity 

of BCR signaling [42]. 
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1.2 B-cell tolerance 

If B cells are randomly generated to ensure variety, what prevents their 

antibodies from binding and attacking healthy tissues of the host? Burnet postulated 

that, in a process now termed immunological tolerance, developing B cells with a 

potential for self-reactivity are removed before maturation [43]. Throughout B cell 

development, multiple mechanisms are in place to balance the competing requirements 

for diversity and regulation (self-tolerance), emphasized below. 

Immunological tolerance was first documented in 1945, when the coexistence of 

two kinds of erythrocytes in the blood of dizygotic cattle twins was observed [44]. After 

“actively acquired tolerance” was demonstrated in vivo using skin grafts [45] and 

parabiosis [46], Burnet postulated the theory of clonal expansion and clonal deletion [1]. 

He further proposed that immature B cells are more prone to tolerance, whereas mature 

B cells favor activation. This was proven almost 20 years later [47]. 

Since the 1980s, advancements in genetic tools have prompted a new wave of 

tolerance research using mice engineered to express autoreactive BCRs [48-51]. The fate 

of B cells bearing a “fixed” antibody can be followed in the presence of varying amounts 

of antigen. As detailed below, at least three pathways are involved in purging 

autoreactivity among developing B cells including clonal deletion, receptor editing, and 

anergy. Mathematical models and empirical evidence suggest that these approaches are 
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highly effective, reducing autoreactivity from ~80% among immature B cells, to less than 

20% in the circulating mature naive B cell pool [52]. 

1.2.1 Central tolerance 

B cells in the immature stage are the first to express both rearranged HC and LC, 

and hence a fully functional BCR. Any immature B cells that engage their BCR ligands 

are autoreactive, as they are located in the sterile environment of the bone marrow void 

of foreign antigens. Crosslinking of BCR during the immature B-cell stage induces 

developmental arrest [53, 54]. RAG expression is then up-regulated to mediate 

additional V(D)J recombination, thereby altering the specificities of autoreactive BCRs 

(receptor editing) [55, 56]. Receptor editing that yields a non-self-reactive BCR enables 

progression into the T1 stage. In contrast, immature B cells that retain binding to 

autoantigens in the bone marrow are deleted via apoptosis (clonal deletion) [56]. This 

censorship of newly generated B cells by apoptosis and receptor editing is known as 

central tolerance because it occurs in a central lymphoid organ, the bone marrow. 

Anergy (functional inactivation and unresponsiveness) is an alternative fate of 

autoreactive B cells and is also induced by BCR cross-linking. Goodnow and colleagues 

first demonstrated that monomeric or oligomeric soluble antigens induce anergy, 

whereas multivalent membrane-bound antigens result in developmental arrest and 

clonal elimination [51], suggesting that BCR signaling is not an “all-or-none” event. The 

current consensus is that a high degree of BCR crosslinking leads to deletion, while low 
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BCR occupancy or low affinity interactions cause anergy [57, 58]. Anergy can occur both 

in the bone marrow and spleen [58], and is discussed here as a mechanism of central 

tolerance together with clonal deletion and receptor editing. 

1.2.1.1 Clonal deletion 

The elimination of self-reactive clones was first demonstrated using transgenic 

mice bearing BCRs for either an endogenous or neo-self-antigen [48-51]. Apoptosis was 

identified as the mechanism of clonal deletion [53], and it was hypothesized that 

immature B cells tend to die upon BCR cross-linking, whereas mature B cells are more 

likely to become activated by ligation. However, as previously noted, immature, 

transitional stage, and mature B cells can all undergo clonal deletion by apoptosis [57, 

59]. 

As BCR signaling intensity is important for the decision of cell death versus 

anergy, genetic mutations that change the threshold of BCR signaling can affect clonal 

deletion. An example is the signaling lymphocyte activation molecule (SLAM) family 

member Ly108.1, a variation of which induces naturally occurring spontaneous lupus in 

mice (NZM2410) [60]. Mutations/genetic modifications within Bruton’s tyrosine kinase 

(BTK) and CD22/Siglec-G have also been shown to abrogate tolerance and promote 

autoimmunity [61, 62]. 

The Bcl-2 family members control mitochondrial outer membrane 

permeabilization in response to cellular abnormalities, act as sentinels for cell death, and 
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can be either anti-apoptotic (Bcl-2, Bcl-XL, Mcl-1), or pro-apoptotic (Bax, Bak, Bim) [63]. 

Oligomerization of Bax and Bak leads to the release of cytochrome c from the 

mitochondria into the cytoplasm, inducing formation of the apoptosome and cell death 

[64]. Bcl-2 family members are involved in clonal deletion. The enforced expression of 

Bcl-2/Bcl-XL or a deficiency in Bim partially rescues clonal elimination of autoreactive B 

cells [53, 54, 65, 66] and leads to their accumulation in the periphery. However, most 

surviving cells are anergic and do not secrete much antibody [67], suggestive of 

additional mechanisms that control anergy. Similarly, deficiency of Bak and Bax in B 

cells confers a profound protection against apoptosis [68] and greatly increases the 

number of immature B cells [68].  

1.2.1.2 Receptor editing 

The Nemazee and Weigert groups independently discovered receptor editing, a 

process during which ongoing recombination alters BCR reactivity and rescues self-

reactive B cells from clonal elimination [69, 70]. These studies observed that self-reactive 

B cells express high levels of V(D)J recombinase (RAG) and continue with  or λ LC 

rearrangement, despite the presence of a functional LC [69, 70]. Recently B cells that 

express a self-reactive receptor together with edited, innocuous receptors have also been 

identified [71, 72]. These allelically “included” B cells are thought to “dilute” the 

deleterious effects of self-antigen binding with non-self-reactive BCRs, by competition 

for pairing with the HC [73]. Such observations challenge previous models of allelic 
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exclusion, which posit that, in order to avoid expression of dual LCs, functional BCRs 

suppress further V(D)J rearrangement. 

Further support for receptor editing comes from analysis of circular DNA 

excision products. These sometimes contain pre-existing in-frame rearrangements [74], 

and are now thought to encode LCs that confer autoreactivity. In addition, when mice 

express cognate antigens in the bone marrow, a striking bias towards the use of 

downstream J, especially J5 is observed [75], and pre-existing rearrangements are 

increasingly excised from functional Ig loci [69]. This indicates that there are multiple, 

successive attempts to edit the LC, since only one out of three rearrangements are in-

frame. 

Both mathematical modeling [76] and experimental measurements [77] 

determined that extensive (> 50%) autoreactivity exists among immature B cells. 

Receptor editing is both effective and efficient in quenching autoreactivity, as indicated 

by transgenic mice expressing single chain antibodies specific for C (Ig superantigen). 

In this case, every B cell with a  LC is autoreactive, and remarkable usage of Igλ 

occurred with far less cell death than would have been expected without receptor 

editing [78]. Given its significance in avoiding waste, receptor editing is the 

predominant mechanism to maintain B cell tolerance [56, 79, 80], and cell death occurs 

only when the potential for receptor editing is exhausted [56]. 
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1.2.1.3 Anergy 

The term “anergy” was first coined by Pike and Nossal, who showed that low 

doses of antigen treatment in neonatal mice do not reduce the number of antigen-

specific B cells in adults but significantly reduce their ability to produce antibodies upon 

stimulation [81]. Using transgenic models, Goodnow and colleagues demonstrated that 

anergy is an important means to silence autoreactivity in vivo [57, 82]. In addition, 

anergic B cells exhibit low levels of sIgM but high levels of sIgD expression, suggesting 

differential roles for IgM and IgD in B cell signaling. 

It was later established that anergic B cells are not suppressed by external cues; 

rather, they are intrinsically unresponsive to antigen stimulation [83]. For example, 

although expressing sIgD, they are not activated by sIgD cross-linking [58, 82]. Ubiquitin 

ligase-targeted degradation of the signaling components Igα and Syk leads to reduced 

sIgM expression and BLNK phosphorylation. Indeed, IgM is retained intracellularly 

with little transport to the surface of anergic B cells [84]. As such, deletion of the 

ubiquitin ligases Cbl and Cbl-b prevents hen egg lysozyme (HEL)-specific B cells from 

becoming anergic in the presence of soluble HEL [85]. Instead, these autoreactive 

peripheral B cells develop into mature cells with normal sIgM expression [85]. 

Interestingly, disruption of death signals, including overexpression of anti-

apoptotic Bcl-2/Bcl-XL and deletion of pro-apoptotic Bim, not only affects clonal 

elimination but also enhances receptor editing and breaks anergy. It is possible that the 
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survival window is extended, allowing more attempts at receptor editing [53, 54, 65, 66]. 

Moreover, the peripheral tolerance checkpoint depends on competition for limited 

survival signals. Anergic B cells require more BAFF, have a much shorter half-life, and 

fail to compete with non-self-reactive T2 cells [30, 32, 86]. It is thought that enforced 

expression of Bcl-2/Bcl-XL and deletion of Bim enhances cell survival such that a fraction 

of anergic B cells could accumulate enough BAFF signaling to enter the mature 

compartment [53, 54, 66]. Indeed, over-expression of BAFF lowers the stringency of such 

competition and reduces the number of anergic B cells [86, 87]. 

An important question is whether the anergic phenotype is reversible. Goodnow 

showed that the transfer of anergic B cells bearing high affinity BCRs for HEL into 

recipient mice lacking HEL results in a gradual loss (in a few days) of the anergic 

phenotype and that responsiveness is reacquired upon antigen stimulation [88]. 

Independent studies using lower affinity receptors demonstrated almost instant (within 

minutes) reversal of the anergic phenotype upon dissociation of the autoantigen [89]. 

Discrepancies between the two systems are perhaps attributable to the vast difference in 

receptor affinities. In both cases, constant antigen receptor occupancy and signaling is 

required for the maintenance of the anergic phenotype. 

Similar to genetically engineered mice carrying forbidden, autoreactive BCRs, 

normal mice and humans also contain a subset of peripheral B cells that are enriched for 

unresponsive, autoreactive cells. Cambier and colleagues suggested that murine B220+, 
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CD93+, CD23+, and IgM+ B cells traditionally thought to represent late transitional (T3) 

cells are anergic cells, given that their presence depends on autoantigen signaling [67]. 

Similarly, T3 cells have been shown to be selected away from the developmental 

pathway that gives rise to mature B cells [90]. However, such a phenotype is inconsistent 

with previous reports of lost sIgM and retained sIgD among transgenic anergic B cells 

[82]. In humans, two independent studies reported that CD19+, CD27-, IgM-, and IgD+ or 

CD19+, CD27-, and CD21-/lo subsets contain mostly autoreactive unresponsive clones [91, 

92]. 

1.2.2 Peripheral tolerance 

Not all self-antigens are accessible in the bone marrow; some are highly tissue- or 

developmental stage-specific, so that little if any is available in circulation [93]. This is 

because the bone marrow lacks an equivalent of thymus autoimmune regulator (AIRE), a 

transcriptional factor that controls expression of tissue-specific antigens (TSA) in 

medullary thymic epithelial cells [94]. Therefore, some autoreactive T1 B cells are spared 

during the central tolerance; they emigrate from the bone marrow and are subject to 

peripheral tolerance control. 

Clonal deletion can also occur to autoreactive immature/transitional and mature 

B cells in the periphery. Indeed, peripheral immature/transitional B cells are exquisitely 

sensitive to cell death upon BCR cross-linking in vitro [55]. In vivo, the presence of an 

IgD-reactive single chain antibody (IgD superantigen) induces abrupt arrest of B cell 



 

23 

development between T1 and T2 [95], consistent with the expression of IgD on T2 cells. 

An anti-IgM antibody (IgM-superantigen), however, halts all B cells beyond the 

immature stage [96]. 

BAFF is important in the peripheral tolerance. It is thought that autoreactive T2 

cells require more BAFF to survive [97], and therefore fail to compete with non-

autoreactive cells (which have a much longer half-lives) and fail to enter the B cell 

follicle [98]. Consistent with the proposed role of BAFF in peripheral tolerance, mice 

overexpressing BAFF accumulate autoreactive B cells in the periphery and develop 

spontaneous autoimmunity. The progression of non-autoreactive T2 cells into mature B 

cells marks the peripheral tolerance checkpoint [99]. 

Even though mature B cells have passed multiple screens for autoreactivity, they 

are subject to further tolerance regulation. Such mechanisms are important to prevent B 

cells from binding to self-antigens that are not accessible during central or peripheral 

tolerance. However, autoreactive mature B cells are largely deleted or inactivated 

(anergized) rather than edited. Indeed, B cells bearing the 3-83 transgenic BCR that is 

specific for H2-Kb undergo both receptor editing and clonal deletion if the transgene 

ligand H2-Kb is accessible in the bone marrow and spleen [69, 100]. However, when 

expression of the autoantigen H2-Kb is restricted to the periphery, most B cells are 

deleted, with few surviving B cells bearing an altered LC [59, 69, 100]. Similarly, 

expression of the C-reactive single chain antibody (Ig superantigen) in the bone 
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marrow and spleen results in remarkable usage of Igλ [78]; whereas restricted expression 

of the Ig superantigen in the periphery leads to substantial clonal elimination [101]. The 

lack of receptor editing by mature B cells is also supported using in vitro studies [102] 

and is interpreted as an inability of mature cells to accommodate additional genomic 

rearrangements [59, 82]. The current consensus is that strongly cross-linking reagents in 

the periphery induce death in mature B cells [59], whereas abundant soluble antigens 

lead to anergy [82]. These conclusions were drawn using elegant genetic models where 

the expression of an introduced self-antigen (neo-self-antigen) is inducible or controlled 

by diet. 

A conceptual question then arises: how do mature B cells distinguish infectious 

agents from self-antigens and choose the fate of life versus death accordingly? In 

addition to the selection of non-autoreactive B cells to enter the mature B cell pool, there 

are at least three additional mechanisms to prevent autoreactive B cells that escape 

tolerance checkpoints from attacking self-antigens. First, self-antigens are usually 

present without the inflammation that induces B cell-activating cytokines and co-

stimulatory molecules. . Second, activated autoreactive B cell generally fail to receive 

requisite help from cognate T cells, and undergo apoptosis, known as “delayed” clonal 

deletion (follicular exclusion) [98]. This occurs because, unlike developing B cells (which 

are exposed only to those self-antigens naturally available in the bone marrow or 

spleen), developing T cells are negatively selected for reactivity to most major self-
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proteins in the body. This extra level of scrutiny is due to expression of the transcription 

factor autoimmune regulator (AIRE) in medullary thymic epithelial cells, which controls 

expression of tissue-specific antigens (TSA) in the thymus [94]. Thirdly, self-reactive B 

cells are suppressed by additional mechanisms including regulatory T cells [103]. 

Besides clonal deletion, receptor editing, and anergy, the final flavor of tolerance 

is “ignorance.” These autoreactive B cells are neither eliminated nor inactivated but 

extrinsically regulated by competition with non-self-reactive B cells for survival and 

activation, limited co-stimuli from T cells and the inflammatory environment, or active 

suppression [104]. The ignorance phenotype is typical of very low affinity binding or 

when self-antigens are sequestered to specific anatomical regions [93]. Importantly, 

ignorant B cells can be activated and lose self-reactivity in germinal centers [104], sites of 

antigen-dependent clonal expansion, immunoglobulin diversification (somatic 

hypermutation), and affinity maturation in secondary lymphoid organs [105]. This 

suggests that the potential of ignorant cells to combat infection and increase the 

repertoire diversity may outweigh the risks of autoimmunity. Although the very 

existence of ignorance exemplifies the struggle to balance regulation and diversity, 

immunological tolerance is highly effective, and less than 5% of the population contracts 

autoimmune diseases [52]. 

In summary, B cells employ a number of elaborate mechanisms throughout 

development to meet the competing requirements for a diverse repertoire versus a lack 
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of autoreactivity. These systems are not perfect; some 20% of autoreactivity remains in 

the mature B cells [106], perhaps indicative of a compromise to maintain a sufficiently 

diverse pool of B cells despite their autoreactivity. Conversely, pathogens and self-

proteins undoubtedly overlap to some extent, and the active removal of self-reactive B 

cells creates “holes” in a potential repertoire that can be exploited by infectious agents to 

avoid immune detection. 

1.2.3 B cell tolerance in humans 

B cell tolerance has recently been studied in humans by cloning rearranged 

immunoglobulin genes, recombinantly expressing the encoded antibodies, and 

evaluating their binding in vitro to self-antigens in ELISA and immunofluorescence [52]. 

These powerful and labor-intensive techniques directly demonstrated two 

developmental stages (immature and transitional) during which B cell polyreactivity 

and autoreactivity are markedly reduced in healthy donors, thus mirroring the central 

and peripheral tolerance checkpoints in mice [77, 106]. 

Importantly, such studies can also be carried out in primary immunodeficiency 

patients bearing genetic mutations that alter B cell signaling and/or survival, without the 

need for a bone marrow sample. A higher than normal frequency of polyreactive and 

anti-nuclear clones within the new emigrant (transitional) B cells indicates defective 

central tolerance counterselection, whereas high levels of polyreactivity in the mature 
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naive compartment indicate poor peripheral tolerance. Both new emigrant and mature 

naive B cells are readily available in peripheral blood. 

Consistent with mouse studies, human patients with decreased BCR signaling 

(mutations in the BTK gene [61] or polymorphism in PTPN22/Lyp [107]) display 

heightened poly- and autoreactivity in new emigrant/transitional B cells, suggestive of 

abnormal central tolerance. In addition, extensive receptor editing occurs [61], perhaps 

because the disrupted BCR signaling fails to terminate RAG expression and subsequent 

secondary rearrangements. 

In addition, patients with mutations in MyD88, IRAK-4 or UNC-93B are found to 

accumulate immature and mature naive B cells bearing autoreactive BCRs, indicative of 

defective central tolerance mechanisms [108]. Unpublished data from Snowden and 

Kuraoka et al show that MyD88 deficiency reverses the B-cell developmental arrest in 

3H9-heavy chain knock-in (KI) mice, in which most BCRs bind the ubiquitous self-

antigens ssDNA and dsDNA [109]. As DNA is a TLR ligand and can activate the Myd88 

pathway, it is not known whether the involvement of MyD88 in central tolerance is 

restricted to BCRs that recognize TLR ligands. However, circulating B cells in human 

patients deficient for MyD88 not only bear anti-nuclear BCRs (presumably mostly anti-

DNA), but also exhibit anti-cytoplasm specificity [108]. 

Failure of peripheral tolerance is also observed in human patients deficient for 

CD40L- and MHC class II [110], highlighting an important role for T cells in the removal 
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of autoreactive peripheral B cells. These patients contain dramatically decreased Treg 

cell numbers [110], which is known to cause severe autoimmune syndrome in both mice 

and humans [111-113]. 

To summarize, during B-cell development in mice and humans, two distinct 

tolerance checkpoints purge autoreactivity via clonal deletion, receptor editing, anergy, 

and ignorance. These mechanisms are essential for counterselection of roughly 80% of 

offending B cells in the initial immature repertoire. However, they create a massive 

“hole,” rendering the mature B-cell pool “blind” to self-proteins but at the risk of 

exploitation by infectious pathogens, as further discussed below. The presence of 

peripheral anergic and ignorant B cells bearing autoreactive BCRs reflects a trade-off 

between increasing the potential diversity of the repertoire, while keeping in check the 

threat of autoimmunity. 

1.3 Immune evasion 

Host-pathogen interaction is a dynamic process. Effective host immune defenses 

drive the emergence of pathogen variants that can overcome immune attack (escape 

mutants), while any advances made by the pathogen are countered by the selection for 

host fitness. During millions of years of coevolution, pathogens including viruses, 

bacteria, protozoa, and metazoan helminthes have been selected to survive the host 

immune system (or at least until transmission to new hosts) via a wide array of 

mechanisms collectively known as immune evasion. 
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Antigenic variation is one of the first and best-studied forms of immune evasion. 

African trypanosomes contain about 100 variant-specific glycoproteins (VSG) but only 

express a single type on the protozoa surface at a given time [114]. Gene conversion 

varies VSG expression, allowing trypanosomes to avoid clearance by the antibodies 

generated against the former VSG variant [115]. As a result, the clinical course of 

infection is characterized by cycles of clearance and outgrowth of escape mutants, which 

leads to inflammatory neurological damage and sleeping sickness [116]. Antigenic 

variation is also an important feature of the human influenza virus. The virus changes 

its surface molecules and avoids antibody neutralization by point mutations (antigenic 

drift) and complete reassortment of its RNA with those of an animal influenza virus 

(antigenic shift) [117]. 

Antigenic variation commonly provides advantages for extracellular microbes to 

escape antibody neutralization. Intracellular pathogens have also evolved strategies to 

avoid immune recognition. After entering host cells, proteins of the pathogen are 

normally displayed on the MHC molecules of infected cells and subsequently detected 

and destroyed by T cells. However, herpes simplex virus can remain latent in quiescent 

sensory neurons and display low levels of MHC class I until host immunity host wanes 

[6]. Epstein-Barr virus can encode protein the EBNA-1, which prevents the host 

proteasome from degrading and displaying the viral genome [118]. Mycobacterium 

tuberculosis and Brucella spp. infect macrophages, the cells responsible for the destruction 
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of bacteria, but these bacteria have evolved means to protect themselves from 

phagosome or lysosome contents. 

1.3.1 Immune Modulation 

“The best defense is a good offense”. Instead of hiding from immune recognition, 

many pathogens have adopted mechanisms to actively subvert the host immune system. 

Modulation of the host immune responses is multi-faceted and can include inhibition of 

the inflammatory response, blocking of antigen processing and presentation, inhibition 

of humoral immunity, and immunosuppression (Table 1). 

Perhaps one of the most successful bacteria is Staphylococcus aureus, which is 

permanently carried by 20% of the population [119]. S. aureus secretes several cytolytic 

toxins, including leukotoxin ED which kills T cells, macrophages, and dendritic cells by 

binding CCR5 [120], and kills neutrophils by binding CXCR1 and CXCR2 [121]. S. aureus 

also expresses superantigens such as protein A, which induces B cell apoptosis, and 

TSST-1, which activates T cells polyclonally but leads to anergy of antigen-specific T 

cells (reviewed in [122]). More recently, S. aureus has been found to secrete enzymes that 

convert DNA from dead neutrophils to 2’-deoxyadenosine, a metabolite that induces 

macrophage apoptosis [123]. 

Leukocytes that do survive these toxins are helpless against the S. aureus 

microcapsular polysaccharide layer and protein CHIPS, which inhibit neutrophil uptake 

and chemotaxis, respectively. Even when engulfed, S. aureus is resistant to defensin 
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peptides, lysozyme, and phagosome oxidase. S. aureus achieves such resistance by 

chemically modifying surface proteins to reduce the affinity for defensin, actively 

degrading the defensin peptide, interfering with endosomal fusion, and secreting 

superoxide dismutase to neutralize O2- (reviewed in [122]). 

Unlike bacteria, viruses depend on their hosts for replication and are therefore 

subject to strong selective pressure. Millions of years of evolution have led individual 

virus families to target common immunological pathways and components ( 

Table 1). Viral molecules capable of immune modulation are divided into two 

classes: those with versus those without homology to host counterparts. Viral homologs 

of host genes, including receptors for cytokines, chemokines, complement proteins, Fc, 

interferons, and homologs of IL-10 and Bcl2, mostly exist in DNA viruses such as 

herpesviruses and poxviruses. These viruses are not confined to a small genome, 

because they possess a high-fidelity polymerase. Many host genes are transferred, 

modified, and retained to benefit these viruses. Molecules with no homology to host 

genes, including inhibitors of antigen processing and peptide transportation, likely co-

evolve with the host immune system and may be selected to modulate its function. Viral 

molecules with host homology represent a form of host mimicry and are discussed in 

the next section. 

Seemingly counterintuitively, suppression of the host immune system can 

sometimes be beneficial to the host, which in turn also benefits the pathogen. Helminths, 
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for example, are particularly successful parasites that suppress host immunopathology 

and establish chronic infections. Infection with the helminth Schistosoma mansoni can 

protect mice from developing type 1 diabetes, allergic encephalomyelitis, and Grave’s 

thyroiditis [124]. Furthermore, Trichuris suis infection has been shown to be an effective 

therapy for active human inflammatory bowel disease [125]. Such protection can be 

evolutionarily advantageous for the pathogens to establish a long-term infection and 

transmit to a larger number of hosts. 
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Table 1: Mechanisms used by herpes and pox family viruses to subvert the 

host immune system. Adapted from [6] 

  

Viral strategy Specific mechanism Result Virus examples 

Inhibition of 

humoral 

immunity 

Virally encoded Fc receptor 

Blocks effector functions of 

antibodies bound to infected 

cells 

Herpes simplex 

Cytomegalovirus 

Virally encoded 

complement receptor 

Blocks complement-

mediated effector pathways 
Herpes simplex 

Virally encoded 

complement control 

protein 

Inhibits complement 

activation by infected cell 
Vaccinia 

Inhibition of 

the 

inflammatory 

response 

Virally encoded chemokine 

receptor, e.g., β-chemokine 

receptor homolog 

Sensitizes infected cells to 

effects of β-chemokine; 

advantage to virus unknown 

Cytomegalovirus 

Virally encoded soluble 

cytokine receptor, e.g., IL-1, 

TNF, interferon-γ receptor 

homologs 

Blocks effects of cytokines by 

inhibiting their interaction 

with host receptors 

Vaccinia 

Rabbit myxoma 

virus 

Viral inhibition of adhesion 

molecule, e.g., LFA-3, 

ICAM-1 

Blocks adhesion of 

lymphocytes to infected cells 

Epstein-Barr 

virus 

Protection from NFB 

activation by short 

sequences that mimic TLRs 

Blocks inflammatory 

responses elicited by IL-1 or 

bacterial pathogens 

Vaccinia 

Blocking of 

antigen 

processing and 

presentation 

Inhibition of MHC class I 

expression 

Impairs recognition of 

infected cells by cytotoxic T 

cells 

Herpes simplex 

Cytomegalovirus 

Inhibition of peptide 

transport by TAP 

Blocks peptide association 

with MHC class I 
Herpes simplex 

Immunosuppre

sion of host 

Virally encoded cytokine 

homolog of IL-10 

Inhibits TH1 lymphocytes 

Reduces interferon-γ 

production 

Epstein-Barr 

virus 
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1.3.2 Host mimicry 

The term host mimicry was coined in 1964 by Damian and defined as the 

structural resemblance of antigens between parasite and host that confers a benefit to the 

parasite [126]. In theory, the similarity of antigens can have three distinct sources: 1) 

functionally important macromolecules are phylogenetically conserved across species 

(conservation); 2) host genes may be acquired from the host by DNA viruses and 

subsequently modified to their own benefit (transfer); or 3) adaptive evolution and 

immunoselection of pathogens that mimic the host (convergence). 

Regardless of their origin, the shared molecular structures can provide at least 

three survival advantages to the pathogen: 1) subversion of the host immune system, e.g. 

viral IL-10 from Epstein-Barr virus inhibits interferon-γ production; 2) cytoadherence, 

e.g. P. falciparum PfEMP1 interacts with host ICAM-1 to enable adherence of infected 

erythrocytes to microvascular enthothelium; 3) reduced host recognition and attack of 

the camouflaged parasite antigens, originally proposed as the concept of “eclipsed 

antigen” [126].  
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Table 2: Selected immune-mediated diseases with a proposed role in 

molecular mimicry. Adapted from [127] 

Disease Host-antigen Microbe antigen Comment 

Acute rheumatic 

fever 

Multiple cardiac 

glycoproteins 

Group A streptococci, 

M-protein 

Relative role of T cells 

and antibodies 

unclear 

Chagas’ disease 
Cardiac myosin 

heavy chain 

Trypanosoma cruizi, 

B13 protein 

Parasitic antigen 

demonstrated in heart 

tissue 

Guillain-Barre 

Syndrome 

Peripheral nerve 

gangliosides 

Campylobacter jejuni, 

LOS 

Also associated with 

cytomegalovirus, 

Epstein-Barr virus 

and Mycoplasma 

pneumonia 

Herpetic keratitis Corneal antigen 
Herpes simplex virus 

type 1, UL6 protein 

Host antigen 

unknown 

Insulin-dependent 

diabetes mellitus 

Multiple, GAD65, 

insulin, other 

Coxackie virus B4, 

protein Ps-c; 

Cytomegalovirus, 

major DNA-binding 

protein 

Direct infection of 

pancreas with 

Coxsackie virus leads 

to local tissue damage 

and autoantigen 

release 

Lyme arthritis LFA-1 
Borrelia burgdorferi, 

OSP-A 
No animal model 

Multiple sclerosis MBP, PLP, MOG 
Multiple viruses, 

Chlamydia 

Epidemiological 

relationship is weak 

FNGN LAMP-2 
Fimbriated bacteria, 

adhesion FimH 
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Eclipsed antigens can be highly effective at evading host immune attack; 

however, even when host tolerance control fails, eclipsed antigens may avoid 

destruction by diverting immune responses to host tissues that are being mimicked. 

Numerous pathogens have been determined to induce crossreactive antibodies and 

immunopathology (Table 2), including group A streptococci (rheumatic fever, 

glomerulonephritis), mycobacteria (rheumatoid arthritis), and Klebsiella pneumonia 

(Reiter’s syndrome, ankylosing spondylitis) (reviewed in [128]). Most recently, the UL6 

protein from Herpes simplex virus 1 has been shown to mimic host corneal protein and 

induce stroma keratitis [129], and bacterial adhesin FimH from fimbriated pathogens 

mimics lysosomal membrane protein-2 (LAMP-2), causing pauci-immune focal 

necrotizing glomerulonephritis (FNGN) [130]. 

In contrast to autoimmunity, host mimicry has been less successfully applied as a 

paradigm for immune evasion, and since its original proposal by Damian, very little 

evidence shows evasion as a direct result of eclipsed antigen. Such a discrepancy does 

not necessarily suggest that tolerance mechanisms frequently malfunction in the face of 

infections but instead is likely attributable to the empirical difficulties inherent in 

identifying the lack of an immune response. Detailed below is the current experimental 

evidence demonstrating that mimicry of host antigens can restrict host immune attack 

and benefit the pathogen. 



 

37 

1.3.2.1 Campylobacter jejuni 

Guillain-Barre syndrome (GBS), named after two French neurologists who 

reported the disease in 1916, is an acute autoimmune disease affecting the myelin sheath 

and axons of peripheral nerves [127]. Acute GBS is characterized by immunological 

attack initiated by the production of antibodies against gangliosides, the sialic acid-

containing glycolipids highly enriched in the nervous system [131]. Autoantibody and 

complement deposition on the surface of axons and Schwann cells is followed by 

macrophage and T-cell infiltration and subsequent neuronal damage [127]. GBS occurs 

worldwide and has long been epidemiologically correlated with gastrointestinal 

Campylobacter jejuni infection [132]. 

Serological and biochemical studies have identified sialylated moieties on C. 

jejuni lipo-oligosaccharides (LOS) that are identical to human gangliosides [133], and 

GBS patient sera demonstrate high reactivity to C. jejuni LOS [127]. 

However, less than one out of every 1,000 to 10,000 enteritis patients infected 

with C. jejuni proceed to develop GBS [127]. What accounts for the resistance in the 

remaining 99.99% of patients? This has been studied in an elegant mouse model by 

Willison and colleagues [134].  

Immunization of wild type mice with C. jejuni LOS resulted in 1) a weak 

antibody response to monosialotetrahexosylganglioside (GM-1), 2) minimal class-

switching to IgG3, and 3) an absence of humoral memory upon secondary immunization 
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[134]. To investigate the role of host mimicry in the blunted humoral response, GalNAc 

transferase knockout (GalNAcT-/-) mice were immunized. These mice lack all complex 

gangliosides, including GM-1, and B cells specific for GM-1 should not be subject to any 

tolerance control. Indeed, immunization of GalNAcT-/- mice with C. jejuni LOS induced 

uniformly high IgG3 titer to GM-1 and robust memory responses [134]. These data 

suggest that C. jejuni LOS is invisible to the host B cell repertoire due to resemblance to 

the host ganglioside GM-1. Host mimicry, may therefore provide a survival advantage 

to the bacteria. 

1.3.2.2 Concluding remarks 

Although many infectious agents share antigens with their host and cause post-

infection autoimmune pathology, C. jejuni remains the only experimentally proven case 

of immune evasion due to host mimicry [127]. The search for antigens that are invisible 

to the immune system to prove immune evasion is empirically challenging. However, 

the demonstration of autoreactivity by pathogen-induced antibodies in the case of C. 

jejuni [127] may represent a worthwhile strategy to detect shared epitopes as they 

become recognized by the host immune system (when tolerance fails). In addition, a 

large scale computer-intensive genome-wide search for homology between host and 

parasites [135] is perhaps a more proactive approach to identify shared epitopes, even 

those that are not recognized by the host immune system. 
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1.4 HIV-1 bnAb 

There were 35 million people living with human immunodeficiency virus 1 

(HIV-1) in 2013 [136], underlining the importance of developing an effective HIV-1 

vaccine. However, 30 years after identifying HIV-1 as the cause of acquired 

immunodeficiency syndrome (AIDS) [137], an effective vaccine remains elusive. This is 

in part due to the infidelity of the HIV-1 reverse transcriptase, which generates vast 

genetic diversity of the lentivirus [138]. Indeed, serum antibodies generated in HIV-

infected individuals regularly select for the expansion of HIV-1 mutants that are 

resistant to neutralization by virtue of changes in surface antigens [139]. 

The focus for vaccine design is to generate a response to one of the conserved 

structures on HIV-1. The only viral protein on the HIV virion surface, the envelope 

glycoprotein (Env) is a homotrimer; each monomer is comprised of non-covalently 

linked gp120 and gp41 (Figure 5A). Gp120 contains a CD4 binding site (CD4bs) that 

engages the host cell surface receptor CD4, resulting in a gp120 conformational change 

that enables further binding to the co-receptors CCR5 or CXCR4 [140, 141]. Lastly, the 

associated gp41 undergoes rearrangements to mediate fusion of the viral and host 

membranes, allowing viral entry. Because of their functional importance (i.e. engaging 

CD4 and mediating fusion), several epitopes including CD4bs on gp120 and membrane 

proximal external region (MPER) on gp41 are highly conserved and constitute 

promising neutralization targets for vaccines (Figure 5B).  
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Figure 5: Structure of HIV-1 gp140 trimer and bnAb epitopes. 

(A) Schematic representation of the gp140 trimer structure based on the density maps 

obtained by cryoelectron tomography. Red denotes gp120, light blue, gp41, yellow 

patch, CD4bs on gp120. Adapted from [142]. (B) Major bnAb epitopes on an EM 

tomogram of gp120 trimer. Grey patches indicate the four major bnAb epitopes on 

gp120 or gp41. N332 is the key glycan position of V3 loop bnAb epitope. Red (35O22), 

blue (PGT151), and green (8ANC195) denote the newly identified bnAb epitopes at the 

gp41-gp120 interface of intact HIV-1 Env trimers. Adapted from [143].  
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However, eliciting immune responses to these conserved structures is no easy 

task. These vulnerable sites are either heavily shielded by variable loops and glycans 

that account for > 50% of the Env molecular weight [144], or are only transiently exposed 

with limited spatial availability for antibody binding. In 1993 and 1994, the identification 

in chronically infected patients of broadly neutralizing antibodies (bnAbs) that recognize 

CD4bs and MPER provided the first hope that a vaccine may be possible [145-147].  

These bnAbs neutralize diverse strains of HIV-1 and can contain viral spread 

under experimental conditions, both in vitro [148] and in vivo [149-151]. The protective 

effects of bnAbs have been demonstrated in non-human primates (NHPs) [149, 150, 152, 

153], humanized mice [151], and human patients [154]. However, bnAbs only arise in a 

minority of HIV patients [155] after 2-3 years of chronic antigenic stimulation [156], and 

despite decades of intensive research, no vaccine routinely induces bnAbs in either 

humans or NHPs. Studies of the properties and generation of bnAbs in chronically 

infected patients are crucial for the rational design of a vaccine that recapitulates the 

infection setting and elicits bnAb responses in immunized subjects. 

1.4.1 Conserved bnAb epitopes 

Our early knowledge of conserved HIV neutralizing epitopes originates from 

five bnAbs identified in 1993 using phage display and hybridomas. The bnAbs are 

specific for three regions on Env: CD4bs of gp120 (b12), surface glycans (2G12), and 

MPER (2F5, 4E10, and Z13e) [145-147]. These bnAbs were initially reported for their 
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ability to neutralize across-clade. However, as more diverse viral isolates are recovered 

from geographically distinct regions, all five bnAbs become less broad and potent than 

previously conceived [157]. 

Technical advances in large-scale human memory B cell culture, isolation of 

antigen-specific B cells, and reliable neutralization assays using recombinant Env-

pseudoviruses enabled the discovery of next-generation bnAbs [157]. Since 2009, the 

field has uncovered from chronically infected donors a host of new bnAbs that target 

one of four conserved regions on the HIV-1 Env: the CD4bs of gp120 [158-165], MPER of 

gp41 [166, 167], two new epitopes defined by peptide and glycan, namely V1/V2 [168-

172], and the V3 loop [172] (Figure 5B). The characteristics and neutralization 

mechanisms of these new bnAbs are discussed below, but as a whole, they are much 

more potent and broadly neutralizing than the original five bnAbs. For example, the 

CD4bs bnAb b12 preferentially neutralizes clade B isolates with an overall breadth of < 

50%, whereas most next-generation CD4bs bnAbs, including VRC01, exhibit a 

remarkable breadth close to 100% [157]. 

In 2014, by employing improved Env protein reagents that recapitulate the non-

covalent interface between gp41 and gp120 , three groups successfully isolated from 

infected donors bnAbs that bind the gp41-gp120 border at distinct sites of viral 

vulnerability [173-175]. These conserved epitopes are defined by bnAbs PGT151 [173], 

8ANC195 [174], and 35O22 [175] (Figure 5B). Improved tools will likely lead to the 
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discovery of newer bnAbs and viral sites of vulnerability in the future, but the currently 

known bnAbs very closely represent the potency and breadth of the observed 

sera/polyclonal neutralization [157]. 

1.4.2 Unusual traits of HIV-1 bnAbs 

To date, all known bnAbs are heavily somatically mutated [157], suggestive of 

extraordinary selection of GC B cells [176]. In addition, each possesses at least one 

additional unusual trait, including a long HC complementarity determining region 3 

(HCDR3) and autoreactivity. These properties may be required for neutralization and 

are discussed in the context of the neutralization mechanisms of each bnAb class. 

The gp41-specific bnAbs 2F5, m66.6, Z13, 4E10, CAP206-CH12, and 10E8 react 

with adjacent epitopes along the HIV-1 MPER [147, 166, 167, 177-179], a structure critical 

for viral fusion with target cells [180]. These bnAbs neutralize by stabilizing structural 

intermediates that arise during the Env conformational changes (conformational change 

is required for viral-cell fusion) [181]. Indeed, 4E10 is able to access the pre-hairpin 

intermediate by first binding the viral membrane lipids and subsequently contacting the 

transient Env conformation [182]. The ability to latch onto the viral membrane awaiting 

the transient Env structure is thought to be important for neutralization [183, 184]. Both 

2F5 and 4E10 exhibit affinity for anionic phospholipid, a component of the viral 

membrane [185], and all MPER bnAbs are highly somatically mutated with a very long 

HCDR3 [157]. 
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The CD4bs on gp120 is recessed and requires precise binding by bnAbs to avoid 

steric and conformational hindrance [186]. This can be achieved by mimicking the CD4 

footprint on CD4bs, as exemplified by VRC01 family bnAbs [187]. All known VRC01 

type bnAbs possess a VH1-2 or closely related VH1-46 HC paired to a LC with exactly five 

amino acids in the CDR3 and are extensively mutated [188]. These features are thought 

to be the result of evolutionary convergence and are crucial for engaging the CD4bs in a 

mode highly similar to CD4 itself [157]. By targeting the functionally important and 

highly conserved CD4bs on HIV-1, VRC01-type bnAbs exhibit a neutralization breadth 

of at least 90% [157]. 

Both V1/V2 and the V3 class of bnAbs make contact with surface glycans and 

penetrate the glycan shield to interact with key amino acid residues in V2 or V3 [169, 

172, 189, 190]. A long HCDR3 is therefore critical for neutralization by these peptide-

glycan bnAbs. The V1/V2 bnAbs are defined by their interaction with relatively 

conserved regions on V2 and a glycan at position Asp160 (N160) [169, 189]. The V3 

bnAbs always bind a glycan at position Asp332 (N332) and interact with residues at the 

base of V3 [172, 190]. Upon bnAb (e.g. PGT121) binding to gp120, , the CD4bs is 

allosterically modulated to undergo conformational changes that prevent CD4 access, 

thereby inhibiting further infection [191]. 

Lastly, the high levels of mutation among bnAbs (14-48% compared to 3-6% for 

normal human memory B cells) [157] are likely important for neutralization as well. For 
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example, reversion of the VRC01 family bnAbs to the unmutated germline sequence 

completely abolished gp120 binding and neutralization [192, 193]. It is somewhat 

unexpected that mutations within the framework region (FWR) are also critical for 

neutralization, as they do not make contact with HIV-1 antigens [194]. These FWR 

mutations have been interpreted to enhance bnAb flexibility and/or antigen contact 

[194]. 

1.4.3. Hypotheses to explain the rarity of bnAbs 

Despite the identification of a slew of bnAbs that bind the four major 

neutralizing epitopes, these bnAbs arise only from a minority of HIV-1 infected subjects 

years after chronic infection [156, 195, 196]. In addition, little success has been made to 

induce neutralizing antibodies to these conserved, seemingly simple sites of viral 

vulnerability [197-203]. 

Explanations for the remarkable scarcity of bnAbs following immunization and 

infection generally implicate either host-restricted factors or limitation by the 

immunogens at hand. These non-mutually exclusive theories, which have shaped efforts 

to employ new strategies to induce potential bnAbs, are detailed below. 

1.4.3.1 Diversion 

Early efforts at designing an HIV-1 vaccine in the late 1980s induced high titers 

of Env-specific antibody [204]; however, hardly any neutralization activity could be 

detected [205]. It was later realized that vaccines using recombinant Env as an 
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immunogen preferentially elicit responses to linear epitopes, including the V3 loop, that 

are highly immunogenic, but non-neutralizing [206]. The presence of V3 in the 

immunogen competitively suppresses protective neutralizing antibodies directed to 

conserved viral epitopes. 

A new approach is therefore to design and present only short peptides in their 

native conformation in the absence of surrounding immunodominant epitopes. Several 

immunogens are being tested for their ability to elicit targeted immune responses, 

including MPER liposomes containing the fusion-intermediate MPER [207], V1/V2 

glycopeptides containing key residues specifically glycosylated by chemoenzymatic 

reactions [208, 209], and CD4bs fragments including b121a and b122a [210]. 

1.4.3.2 Inaccessibility 

HIV-1 may conceal vulnerable, conserved epitopes either spatially or temporally. 

Crucial antigenic determinants can be heavily shielded by glycosylation and variable 

loops (e.g. V1/V2 and V3, [169, 172, 189, 190]), or become inaccessible to antibody 

binding due to physical hindrance by surrounding structures (e.g. CD4bs, [186]). 

Alternatively, conserved neutralizing epitopes may only be transiently accessible owing 

to the conformational flexibility of the Env (e.g. MPER, [181]). It is thought that regular 

immunogens fail to present many or all of the key bnAb targets in the optimal 

conformation. For example, the monoclonal antibody (mAb) 13H11 is induced in mice 

and binds part of the 2F5 epitope; however, 13H11 fails to neutralize HIV-1 [182], as it 
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recognizes a post-fusion six-helix bundle conformation and is unable to prevent virus-

cell fusion [211]. Therefore, the 2F5 epitope must be presented in the pre-hairpin fusion 

intermediate conformation to induce a 2F5-like response [181]. 

By grafting residue side chains or backbones from a neutralizing epitope to an 

entirely unrelated protein [212], protein scaffolds are designed to optimally present 

neutralizing epitopes and have been highly effective against respiratory syncytial virus 

(RSV) [213, 214]. Due to the relative ease of grafting continuous epitopes, MPER 

scaffolds were tested first as a strategy to induce HIV-1 bnAbs [203]. Despite generating 

humoral responses to MPER, most reactivity was targeted at the carrier protein [203]. 

Recently, the challenge of grafting non-continuous epitopes has been circumvented with 

the aid of computer-intensive tools [215]. The resultant CD4bs scaffold remains to be 

assessed for its ability to elicit CD4bs bnAbs in vivo. 

1.4.3.3 Requirement for polyreactivity 

In contrast to ≈ 450 spikes per virion for the comparably-sized influenza virus 

type A [216], the HIV-1 virion contains surface Env spikes at only ≈ 14 per virion [217]. 

The Env are therefore “few and far between”, making it impossible for regular 

antibodies to bind bivalently, i.e. bind two virion spikes by two Fab arms [216]. Such a 

low density of surface Env can impede antibody potency [218] but can be counteracted 

by antibodies with polyreactivity [219]. In a process termed heteroligation, polyreactive 

bnAbs can recognize the Env with one Fab arm while non-specifically contacting other 
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membrane components, thereby increasing apparent affinity [219] and enhancing 

neutralization [220]. 

In addition to the enhancement of neutralization through heteroligation, the 

lipid-reactivity of 2F5 and 4E10 bnAbs is also crucial for effective neutralization [182, 

183]. Only a small portion of their hydrophobic HCDR3 makes contact with the MPER 

epitope, while the remainder mediates lipid reactivity [184, 221]. Engagement of the 

viral membrane by 2F5 and 4E10 enables docking to the transient MPER epitope as the 

bnAbs wait in close proximity [183]. Similarly, the V1/V2 and V3 classes of bnAbs are 

characterized by an extended HCDR3 that penetrates through surface glycan shields to 

engage key amino acid residues in the V2 or V3 region [157]. Long HCDR3 loops may be 

correlated with polyreactivity . 

The requirement of polyreactivity for neutralizing activity may explain the 

relative dearth of bnAbs. During B-cell development, polyreactivity is actively purged 

from the peripheral repertoire by clonal deletion, anergy, or receptor editing [104]. The 

frequency of polyreactive human B cells decreases from ≈ 50% in the early immature 

compartment to < 10% in the immature stage [52]. Both human and mice studies have 

also demonstrated a selection bias against long HCDR3 loops [222-224]. The paucity of 

polyreactive B cells in the naive repertoire may not be overcome by somatic mutations, 

as the HCDR3 length generally remains constant during hypermutation. 
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1.4.3.4 Requirements for hypermutation and specific germline VH 

As noted above, the VRC01 type bnAbs utilize a highly restricted set of VH genes 

and require extensive hypermutation, raising another roadblock to bnAb development 

[157, 225]. Such high levels of mutation are presumably acquired in germinal centers, 

where the iterative accumulation of mutations in each B cell is selected for enhanced 

affinity [176, 226-228]. The extraordinary mutation frequency among bnAbs (average 

16%, compared to 3-5% in normal responses [157]) may be necessary for neutralization 

[193, 194]. It is likely that the repertoire is limited and the best available germline VH is 

unfit for neutralization and requires extensive modification by hypermutation. 

Alternatively, the mutations may be a side-product of chronic activation in germinal 

centers [229]. Regardless, extraordinary germinal center mutations and selection are 

required, and bnAb activity takes years to develop [156, 195, 196]. 

Such a requirement poses a significant hurdle to the induction of bnAbs. 

Germinal center mutations are far more likely to be neutral or disadvantageous than to 

be favorable, i.e. ones that enhance the affinity of antibody-antigen interaction. Therefore 

an extended (years) germinal center reaction may be highly ineffective. Moreover, 

alternative pathways exist in the germinal center for terminal differentiation into 

plasmacytes or quiescent memory cells [230], effectively reducing the probability that 

germinal center B cells will accumulate the 14-48% mutations typical of bnAbs [157]. 
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In summary, there are a series of barriers to eliciting effective HIV-1 bnAb 

production. All current attempts to overcome these roadblocks, including structurally-

designed scaffolds presenting the correct neutralizing epitopes in, to our knowledge, the 

best conformation and in the absence of immunodominant competitors, have invariably 

failed to generate bnAbs [157]. Rather, accumulating evidence suggests that host factors 

such as tolerance mechanisms present a daunting hurdle for bnAb elicitation. 

1.4.4 Tolerance hypothesis 

Despite rapid progress, state-of-the-art immunogen designs have failed to induce 

bnAbs, making it increasingly apparent that overcoming limitations by immunogens, i.e. 

diversion and inaccessibility, though important, cannot alone solve the HIV-1 vaccine 

problem. Instead, more and more effort has been shifted to host factors that restrict 

effective bnAb induction. 

Although bnAbs exhibit remarkable HCDR3 lengths and extraordinary mutation 

frequencies of bnAbs [157], these properties were not correlated to bnAb activity until 

2005 [185]. Haynes and colleagues further measured the autoreactivity of HIV-1 bnAbs, 

as long HCDR3 and somatic hypermutation are correlated with antibody autoreactivity 

and can invoke counterselection by immune tolerance [223, 225, 231]. The results were 

striking. Both 2F5 and 4E10 bnAbs recognize self-antigens in clinical assays routinely 

used to diagnose autoimmunity [185], leading to the tolerance hypothesis that HIV-1 

bnAbs are modulated by immune tolerance mechanisms due to their autoreactivity 
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[185]. The autoreactive nature of bnAbs further suggests that HIV-1 neutralizing 

epitopes exploit host mimicry, and that the low frequency of bnAbs in infected patients 

and vaccinees is due to immunological tolerance, which depletes most autoreactive B 

cells and consequently B cell responses to host-mimicking HIV-1 epitopes [232]. 

Much like C. jejuni, which evades immune recognition by mimicking host 

gangliosides [134], the tolerance hypothesis suggests that HIV-1’s crucial neutralizing 

epitopes mimic host antigens, rendering them invisible to the immune repertoire. This 

hypothesis has gained substantial traction as it can explain many once-puzzling facts, 

including the low frequency of HIV-1 infection among systemic lupus erythematosus 

(SLE) patients, the astonishing mutation frequencies of all bnAbs, and the many years of 

infection necessary for bnAb development. New strategies, such as B-cell lineage design 

have also been proposed accordingly to try and overcome hurdles imposed by immune 

tolerance, and are being assessed for their ability to elicit bnAb activity. 

1.4.4.1 SLE and HIV-1 infection 

If host mimicry by HIV-1 impairs effective bnAb responses, then autoimmune 

patients with relaxed tolerance control should be able to more effectively produce 

autoreactive bnAbs either upon infection or immunization. Epidemiologic studies of 

concurrent SLE and HIV-1 infections support this hypothesis. Based on the prevalence of 

each disease, it was expected that by 1993, at least 400 patients would have contracted 
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both SLE and HIV-1, [233]. However, by 2004, only 21 cases had been identified that met 

full diagnostic criteria [234]. 

The dearth of concurrent SLE and HIV-1 infection is consistent with the tolerance 

hypothesis. However, it can alternatively be explained by other factors, such as an 

altered life style among SLE patients that reduces their risk of HIV-1 infection, or 

reciprocally, active suppression of autoimmune symptoms by HIV-1. Indeed, in most 

cases, the severe depletion of T cells by HIV-1 led to improved clinical outcomes of SLE 

patients, and lupus manifestations often reappear after T cell numbers rebound 

following antiretroviral therapy [235]. Qualitative studies of bnAb production by 

SLE/HIV-1 patients are therefore crucial to provide further evidence that autoantibodies 

produced by SLE patients can be protective against HIV-1 infection. 

In 2014, Bonsignori and colleagues identified an SLE/HIV-1 individual (CH5329) 

with remarkable sera neutralization breadth and isolated CD4bs bnAb CH98 that not 

only effectively neutralizes HIV-1, but also exhibits remarkable poly- and autoreactivity, 

including affinity for dsDNA [162]. The donor was able to control viral load without 

antiretroviral therapy [162], likely due to production of bnAbs with dsDNA-reactivity, a 

hallmark of tolerance breakdown and SLE [236]. Such protective responses are 

presumably absent in human subjects with intact tolerance control mechanisms [52], 

suggesting restricted protective responses by immunological tolerance. 
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1.4.4.2 Tolerance hypothesis 

As noted above, the tolerance hypothesis states that immunological tolerance 

mechanisms impair bnAb generation due to their poly- and autoreactivity, long HCDR3, 

and extensive mutations. As MPER bnAbs 2F5 and 4E10 are both polyreactive and bind 

the self-ligand cardiolipin [185], the first question was whether their poly- and 

autoreactivity were sufficient to invoke control by immunological tolerance. 

This was investigated by generating mice bearing “knock-in” 2F5 HC and LC V 

regions [237, 238], which were crossed to generate double knock-in (dKI) animals 

bearing intact 2F5 on the surface of all B cells (2F5 dKI mice). If poly-/autoreactivity of 

2F5 is sufficient to instigate physiologic tolerance in vivo, then early B cells expressing 

surface 2F5 should be subject to tolerizing pressure, including clonal deletion and 

receptor editing. Indeed, B-cell development in 2F5 HC KI mice is largely blocked at the 

transition of small pre-B to immature B cells [237], a developmental blockade similar to 

that observed in mice expressing BCR for MHC [49] or double-stranded DNA [50]. Such 

studies provide the ultimate measure of the physiological relevance of poly-

/autoreactivity in vivo and indicate that expression of MPER bnAb 2F5 is impaired by 

immunological tolerance. 

Mice bearing the 4E10 HC and LC were shown recently to exhibit a similar B-cell 

developmental blockade that is typical of immune control [239, 240]. However, unlike 

classic studies where the self-ligands are established [49, 50], it is unknown what 
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induces tolerizing deletion of B cells bearing these HIV-1 bnAbs. It is also unclear 

whether other classes of bnAbs or non-neutralizing antibodies are suppressed by 

tolerance mechanisms. 

The tolerance hypothesis is consistent with all known features of HIV-1 bnAbs. 

For example, extremely high mutation frequencies may be required to gain considerable 

affinities for bnAb epitopes when, due to tolerance counterselection, “ideal” B-cell 

candidates that need far fewer mutations are absent in the naive repertoire. 

Alternatively, the unusual hypermutation may represent a painstaking attempt to 

quench autoreactivity while maintaining high affinity for the HIV Env. Constraint of 

function (binding/neutralization) and autoreactivity both require years of tortuous 

mutation and selection to generate highly mutated, functional bnAbs. 

1.4.4.3 B-cell lineage design 

Such pathways of bnAb generation may be recapitulated in a vaccinated 

individual. To overcome the multitude of immunological roadblocks posed by tolerance 

mechanisms, in 2012, Haynes and colleagues proposed an approach termed B-cell-

lineage vaccine design [225]. Clonal lineages of successful bnAbs are first mapped in 

chronically infected patients. A series of different, computationally optimized 

immunogens are then given in a step-wise fashion to activate the correct ancestor B cell, 

which is guided through disfavored or complex affinity maturation pathways to recreate 

the bnAb generation in vivo. 
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1.5 Dissertation Prospectus 

Throughout development, B cells employ an array of mechanisms to purge 

autoreactivity. These tolerance mechanisms, although protective against auto-immune 

diseases, leave “holes” in the naive B cell repertoire that can be exploited by pathogens. 

HIV-1 contains several conserved sites of vulnerability that are targets for bnAbs, and I 

hypothesize that by mimicking human self-antigens that induce tolerance, these 

“Achilles heels” (bnAb epitopes) of HIV-1 have been evolutionarily selected to adopt 

forms invisible to the B cell repertoire. Such mimicry creates immunological barriers to 

the effective induction of bnAbs in HIV-1 infected patients and vaccinees. When such 

barriers are eventually breached following chronic infection, the resultant bnAbs are 

often poly- or autoreactive. 

Prior work showed that 2F5-expressing B cells are deleted at the immature stage 

[237, 238], confirming that 2F5 is subject to central tolerance control and cross-reacts 

with an autoantigen(s) in the bone marrow. In addition, immunization with peptides 

bearing the 2F5 epitope has demonstrated its poor immunogenicity (reviewed in [241]), 

indicating suppression of potential antibody responses [242] or limitations of the 

repertoire due to lack of a VH allelic variant [243]. If immunological tolerance shapes the 

primary antibody repertoire to prevent regular expression of 2F5-like antibodies, then 

discrete autoantigens that are structurally mimicked by the HIV-1 2F5 epitope must be 

present in mammals. I therefore propose to identify the mammalian antigen(s) 
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mimicked by the HIV-1 2F5 epitope that mediate counterselection of B cells bearing 2F5. 

I also propose to study the mechanisms involved, and hypothesize that tolerance control 

of bnAb generation is wide-spread and not limited to the MPER bnAb 2F5. Non-

neutralizing antibodies, by contrast, should not be subject to tolerance control, as they 

are very abundant in the initial responses following infection. 

1.5.1 Specific Aim 1: Identifying autoantigens recognized by the 2F5 
and 4E10 bnAbs 

Our initial objective was to identify human antigens mimicked by the 2F5 and 

4E10 HIV-1 epitopes, i.e. recognized by the 2F5 and 4E10 mAbs. Using two distinct 

approaches, immunoprecipitation and protein microarray, we identified and confirmed 

human kynureninase (KYNU) and splicing factor 3b subunit 3 (SF3B3) as the primary 

conserved, vertebrate self-antigens recognized by the 2F5 and 4E10 antibodies, 

respectively. 2F5 binds the H4 domain of KYNU, which contains the complete 2F5 linear 

epitope (ELDKWA), and 4E10 recognizes an epitope(s) of SF3B3 that is strongly 

dependent on hydrophobic interactions. 

To determine whether KYNU mediates immunological tolerance against B cells 

expressing 2F5, we utilized opossums because they naturally carry a KYNU H4 domain 

that abolishes 2F5 immunogenicity while retaining enzymatic activity. The SF3B3 4E10 

epitope(s) is preserved in opossums, providing an internal control. Immunization of 

opossums with HIV-1 gp140 induced extraordinary titers of serum antibody to the 2F5 

ELDKWA epitope but little or nothing to the 4E10 determinant. We conclude that the 
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presence of KYNU impairs 2F5 bnAb responses to HIV-1. This project implicates 

immunological tolerance as a natural mechanism by which HIV-1 evades robust 

immune responses. 

1.5.2 Specific Aim 2: Deciphering 2F5 and 4E10 tolerance 
mechanisms 

The identification of 2F5 and 4E10 autoantigens suggests that newly generated B 

cells bearing 2F5- or 4E10-like antigen-receptors that crossreact with host KYNU (and 

CMTM3) or SF3B3 undergo physiologic tolerization by deletion, editing, or inactivation. 

To study the mechanisms by which early B cells expressing 2F5 or 4E10 are tolerized, we 

sampled the B cell repertoire before and after immune tolerance checkpoints in mice 

expressing the VH and VL regions of 2F5 (2F5 dKI), 4E10 (4E10 dKI), and C57BL6 mice 

using an in vitro single-cell culture that expands all B cells, including autoreactive B cells 

that are subject to tolerization in vivo. We found that prior to tolerance checkpoints, the 

quasi-monoclonal small pre-B compartment in both the 2F5 dKI and 4E10 dKI mice 

expresses primarily knock-in HC and LC and maintains HIV-1 gp41-reactivity. 

However, the 2F5 dKI mature B cell compartment that survives tolerance has undergone 

extensive LC editing and is completely purged of gp41- and KYNU-reactivity, whereas 

that of 4E10 dKI mice retains partial gp41-binding. Importantly, the peripheral IgM-

IgD+ (anergic) B cell subset is enriched for HIV-1- and KYNU-reactivity in 2F5 dKI mice. 

Our study provides mechanistic insights into how immunological tolerance impairs 
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humoral responses to HIV-1 and suggests activation of anergic B cells as a potential 

target for an HIV-1 vaccine. 

1.5.3: Specific Aim 3: Assessing polyreactivity and autoreactivity 
among HIV-1 antibodies 

Whereas poly-/autoreactivity has been proposed to be crucial for neutralization 

breadth, no systematic, quantitative study of self-reactivity in non-neutralizing HIV-1 

antibodies (nnAbs) has been performed to determine whether poly- or autoreactivity in 

bnAbs is a consequence of chronic antigen exposure and/or inflammation or a 

fundamental property of neutralization. Here, we use protein microarrays to assess 

binding to > 9,000 human proteins and find that as a class, bnAbs are significantly more 

poly- and autoreactive than nnAbs. The poly- and autoreactive property is therefore not 

due to the infection milieu but rather is associated with neutralization. Our observations 

are consistent with a role of heteroligation for HIV-1 neutralization and/or structural 

mimicry of host antigens by conserved HIV-1 neutralization sites. Although bnAbs as a 

group are more mutated than nnAbs, V(D)J mutation per se does not correlate with poly- 

or autoreactivity. The low frequency of poly- and autoreactivity of nnAbs implies that 

their dominance in humoral responses is due to the absence of negative control by 

immune regulation. Interestingly, four of the nine bnAbs specific for the HIV-1 CD4bs 

(VRC01, VRC02, CH106, and CH103) bind human ubiquitin ligase E3A (UBE3A), and 

UBE3A protein competitively inhibits gp120 binding to the VRC01 bnAb. Avidity of 

these four bnAbs for UBE3A was correlated with neutralization breadth. The 
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identification of UBE3A as a self-antigen recognized by CD4bs bnAbs offers a 

mechanism for the rarity of this bnAb class.
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2. Materials and Methods 

2.1 HIV-1 antibodies and Ags.  

VRC01, VRC03, PG16, and 2G12 antibodies were provided by the NIH AIDS 

reagent program. 2F5 and 4E10 were obtained from Polymun. NIH45-46 mAb was 

provided by Dr. Pamela Bjorkman, California Institute of Technology. VRC02 and 

VRC07 mAb were provided by Dr. John Mascola, NIH Vaccine Research Center. 

Additional bnAbs: CH103, CH106, CH98, CH31, 10E8, PG9, CH01, CH03, PGT121, 

PGT125, PGT128, and PGT145 and nnAbs: HG131, HG107, CH58, CH59, F39F, 19b, A32, 

48d, and 17b were provided by the Duke University Human Vaccine Institute. All 

bnAbs originated from patients chronically infected with HIV-1 as were the F39F, 19b, 

A32, 48d, and 17b nnAbs. The HG131, HG107, CH58, and CH59 nnAbs were recovered 

from vaccinees in the RV144 vaccine trial. 

Recombinant HIV-1 gp140 [JR-FL [244]] and gp120 [CH505 T/F [165]] proteins 

were provided by the Duke Human Vaccine Institute for ELISA to determine cross-

inhibition by UBE3A. 

2.2 Control antibodies.  

To control for antibody poly- and autoreactivity, we compared three isotype-

matched human antibodies, 151K [245], Infliximab [Remicade, Centocor Ortho Biotech 

Inc., [246]], and Palivizumab [(Synagis), MedImmune, [247]] to identify an optimal 

comparator. 151K is a human myeloma protein (IgG1,; SouthernBiotech 0151K-01), 
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Palivizumab (IgG1,) and Infliximab (IgG1,) are therapeutic humanized antibodies 

specific for the fusion protein of RSV and human TNF-, respectively [246, 247]. 151K 

has been used previously as a protein microarray comparator for MPER bnAbs [245]. 

2.3 Plasmids.  

Ultimate ORF Clone in pENTR 221 vector containing the human UBE3A mRNA, 

transcript variant 2 (accession number NM_000462.3) (Invitrogen) was modified by the 

introduction of BamH1 and Not1 restriction sites. The BanH1/Not1 UBE3A cleavage 

product was inserted into the pGEX-4T-1 vector (GE Healthcare). Truncation mutants of 

UBE3A were made by PCR and the sequence confirmed. Mutant UBE3AΔ700-875 was 

made with the following primers: 5’ 

GTTCAAGGACAGCAGTTGGCGGCCGCATCGTGACTG and 

3’CAGTCACGATGCGGCCGCCAACTGCTGTCCTTGAAC. Mutant UBE3AΔ1-700 was 

made with the following primers: 5’ GATCTAAAGGAAAATGGT 

GCGGCCGCATCGTGACTG and 3’ CAGTCACGATGCGGCCGC 

ACCATTTTCCTTTAGATC. Mutant UBE3AΔ520-875 was made with the following 

primers: 5’ GTTCAAGGACAGCAGTTGGCGGCCGCATCGTGACTG and 

3’CAGTCACGATGCGGCCGCCAACTGCTGTCCTTGAAC. Mutant UBE3AΔ1-519 was 

made with the following primers: 5’ 

CTGGTTCCGCGTGGATCCAATCCATATTTGAGACTC and 

3’GAGTCTCAAATATGGATTGGATCCACGCGGAACCAG. 
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2.4 Mice. 

Female C56BL/6 mice were obtained from Jackson Laboratory. 2F5 dKI and 4E10 

dKI mice were maintained as homozygous (HC+/+LC+/+) and housed with C56BL/6 

controls at the Duke University Animal Care Facility under specific pathogen-free 

conditions in accordance with Duke University Institutional Animal Care and Use 

Committee. Only female mice between the ages of 8-12 wks are used for experiments. 

2.5 Immunoprecipitation. 

HEp-2 cells were cultured to 90% confluence. Total protein was harvested using 

IP Lysis buffer (Pierce) containing protease inhibitors (Sigma) according to the 

manufacturer’s instructions. The cell lysate was centrifuged and then the supernatant 

was collected. 

For IP reactions, Dynabeads Protein G (Invitrogen) was cross-linked with 2.5 mM 

BS3 (Thermo). Cell lysates were precleared with human myeloma protein 151K 

(Southern Biotech, catalog number: 015IK) before incubation with 2F5, 4E10 (Polymun 

Scientific), or 151K Dynabeads Protein G for immunoprecipitation. Ab/Ag complexes 

were eluted and then boiled in sample buffer (Invitrogen). 

Eluates were resolved under non-reducing conditions and stained with colloidal 

blue (Invitrogen). Individual bands were excised and subsequently analyzed by tandem 

mass spectrometry at the Duke proteomics core facility. 
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2.6 Protein array microchip. 

Abs were screened for binding on protein microarrays (Protoarray, Invitrogen, 

PAH0525101) pre-coated with > 9,400 human proteins in duplicates. The binding 

patterns of human bnAbs were compared to the human myeloma protein 151Kin lot-

matched arrays. Array-bound anti-human IgG served as loading control for the 

detection Ab, and array-bound human IgG served as loading control for secondary 

reagent.  

Abs were screened for reactive Ags on protein microarrays following 

manufacturer’s instructions and as described [245]. Briefly, ProtoArray® (Invitrogen) 

was blocked and incubated on ice with 2ug/ml of HIV-1 antibody or isotype control 151k 

for 90 minutes. Antibody binding to array protein was detected with 1ug/ml of anti-

human IgG Alexa Fluor 647 (Invitrogen) secondary antibody. The ProtoArrays were 

scanned using GenePix 4000B Scanner (Molecular Devices) at wavelength 635nm, with 

10 µm resolution, using 100% power and 650 gain. Fluorescence intensities were 

quantified with GenePix Pro 5.0 program (Molecular Devices) using lot-specific protein 

location information provided by microarray manufacturer. 

2.7 Protoarray Data Analyses.  

Fluorescence intensity of HIV-1 antibodies binding to each protein on the 

microarray was graphed against that of control Ab, 151K. The distance of each data 

point to the reference line, y=x (i.e., R=1 the diagonal line), was determined using the 
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distance formula: 𝑑 =
(𝑥−𝑦)

√2
 on the log scale. This formula was derived using 

triangulation of distances to the reference line. Comparisons of averaged binding to 

array proteins was similar for 151K, Palivizumab, and Infliximab indicating that these 

three IgG1/ antibodies had similar levels of unspecific binding; in consequence (see 

Results), polyreactivity was defined as a 2-fold increase in averaged binding compared 

to 151K. Mathematically, the polyreactivity threshold (PT) equals the distance of x=2y to 

the reference line (y=x): 𝑃𝑇 =
(𝑙𝑜𝑔10𝑥−𝑙𝑜𝑔10𝑦)

√2
=

𝑙𝑜𝑔10(
𝑥

𝑦
)

√2
=

𝑙𝑜𝑔102

√2
= 0.21. 

To assess HIV-1 antibody polyreactivity, the distance of each data point to a 

reference line, y=x, was determined and graphed as a frequency histogram, with mean 

fluorescence intensity (MFI) bin size of 0.02 (resolution threshold of GenePix 4000B 

scanner). The Gaussian mean of array protein distances from the y=x reference line is the 

polyreactivity index (PI), and determined by GraphPad software. When the PI of a HIV-1 

antibody is > PT (> 0.21) the mean of mean fluorescence intensity for all array proteins 

was > 2-fold over the control mean, defining the test antibody as polyreactive. 

Antibodies that were not polyreactive (PI ≤ 0.21) were defined as autoreactive if they 

recognized specific human proteins ≥500-fold more avidly than 151K. 

2.8 Immunoblotting. 

Proteins were separated on NuPAGE gels (Invitrogen) and transferred to 

nitrocellulose membranes (Invitrogen, iBlot). The membranes were blocked with 1% 

casein protein in PBS (Bio-Rad). Membranes were then probed with the following 
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antibody (2 µg/ml in blocking buffer): anti-human kynureninase (R&D), 2F5, anti-His 

(Calbiochem). Appropriate secondary antibody (Sigma or Invitrogen) were used and 

blots were visualized by Alkaline Phosphatase substrate (Promega) or Li-cor Odyssey 

infrared imaging, respectively. 

2.9 Immunofluorescence. 

HEp-2 slides (MBL Bion) were blocked with PBS containing powdered milk (1%), 

normal goat serum (5%), and Tween-20 (0.05%). Slides were labeled with 50 µg/ml 2F5 

or 4E10, and anti-KYNU or anti-SF3B3 (Abcam), extensively washed, then stained with 

20 µg/ml FITC or PE-labeled species specific secondary antibody. 151K, goat serum IgG 

(R&D), and a mouse IgG1 mAb specific for chicken IgG (CGG-8) were used as negative 

controls and had minimal binding under the same image acquiring settings. Secondary 

antibodies were tested to be species-specific and had minimal crossreactivity in co-stain 

experiments. Images were acquired with a Leica TCS SP5 confocal microscope using a 

40x objective with a NA of 1.25 (HCX PL APO lambda blue) using oil medium at room 

temperature. Images were acquired by PMT using Leica Application Suite Advanced 

Fluorescence. The lite version of the same software was used to adjust color balance after 

image acquisition. 
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2.10 Protein Expression. 

2.10.1 Expression of recombinant human kynureninase 

The amino acid sequence of human KYNU was obtained from Genbank 

(accession: NM_003937). The gene construct was codon-optimized using highly 

expressed human housekeeping genes codons [248]. KYNU construct with a 3’ sequence 

encoding a C-terminal His-6 tag was de novo synthesized (GenScript) and cloned into 

pcDNA3.1(+) plasmid (Invitrogen). To produce mutant KYNU, a single nucleotide 

substitution from C to G at position 276 in the coding region of human KYNU plasmid 

was introduced by site-directed mutagenesis resulting in a change from aspartic acid to 

glutamic acid at amino acid position 92 (D92E). Both wild-type and D92E mutant 

kynureninase were produced in 293T cells by transient transfection using 

polyethylenimine [249] and purified over a nickel column [250]. 

2.10.2 Expression of recombinant human UBE3A 

GST-UBE3A fusion protein and truncation mutants were expressed in E. coli 

BL21 (New England Biolabs), and purified by glutathione-sepharose affinity 

chromatography (GE Healthcare) following manufacturer’s instructions and as 

described [245]. Briefly, E. coli BL21 (New England Biolabs) harboring pGEX4T1-UBE3A, 

pGEX4T1- UBE3AΔ520-875, pGEX4T1- UBE3AΔ1-519 or pGEX4T1 vectors were grown 

at 37ºC until A600 OD of 0.4. Isopropyl-1-thio-β-D-galactopyranoside was added to a 

final concentration of 0.4mM [251]. After three hours induction at 37ºC, cells were 
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harvested by centrifugation at 6000×g for 15mins and resuspended in cold PBS with 1% 

protease inhibitor (Sigma-Aldrich). Cells were lysed with a probe sonicator and pelleted 

via centrifugation at 30,000×g for 30 mins. The GST-UBE3A fusion proteins were 

purified from lysate by glutathione-sepharose affinity chromatography (GE Healthcare). 

Quantification of GST-UBE3A protein in lysate was done via SDS-PAGE and detection 

by western blotting with anti-GST antibody (Sigma-Aldrich). 

2.11 ELISA. 

2.11.1 Screening of bnAb ligands 

ELISA was performed as described [252]. Briefly, 96-well microplates (BD 

Falcons) were coated with capture reagent (0.5-2 µg/mL). Plates were then blocked with 

PBS/0.5% BSA/0.1% Tween-20 under permissive binding conditions, or PBS/4% whey 

protein/15%.normal goat serum/0.5% Tween-20 under stringent binding conditions. 

Antibody samples were diluted to 10 µg/mL in blocking buffer and then three-fold 

serially diluted in duplicates. HRP-conjugated secondary antibody (Southern Biotech) 

was used to detect bound antibody. 

2.11.2 Competitive inhibition of 2F5 and 4E10 

For competitive inhibition assays, plates were either directly coated with ligands 

(KYNU, CMTM3, or human SF3B3), or opossum SF3B3 captured immobilized SF3B3 

antibody. After blocking, 200 ng/mL of 2F5 or 4E10 was added together with three-fold 
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gradients of inhibitors. After extensive washing, plate-bound antibody was detected by 

anti-human Ig-HRP (Southern Biotech). 

2.11.3 Sera endpoint titer 

To determine end point titers following opossum immunization, sera were 

serially diluted from 1:10 to 1:196830, and then reacted with plate-bound gp41, 

biotinylated-2F5-epitope peptide (SP62, QQEKNEQELLELDKWASLW), and 

biotinylated-4E10-epitope peptide (SLWNWFNITNWLWYIK). Positive (4E10 or 2F5) 

and negative controls were included in each plate. HRP-conjugated rabbit anti-opossum 

IgG (Bethyl Laboratory, Inc) was used to detect bound IgG. Mouse serum IgG response 

to MPER epitopes was determined in the same way but using the MPER656 peptide that 

contains both the 2F5 and 4E10 epitopes. ELISA OD values were adjusted by subtracting 

matched, prebleed serum readings. End-point titers were defined as the highest dilution 

yielding an adjusted OD reading ≥2-fold above background. For statistical analyses, sera 

that did not exhibit specific binding in ELISA were assigned an end-point titer = 1. 

Geometric means and SD of end-point titers were calculated for graphing and analysis. 

2.11.4 Culture supernatant screening 

ELISA was performed as described [245]. Briefly, 96-well microplates (Costar) or 

384-well High binding plates (Corning) were coated overnight with 2 µg/ml anti-mouse 

Ig and anti-mouse Igλ (Southern Biotech), or with KYNU [245], MPER656 [207] in 

bicarbonate buffer. Plates were then blocked with PBS/0.5% BSA/0.1% Tween-20. 
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Supernatant samples were diluted 1:10, 1:100, and 1:1,000 in blocking buffer and added 

to the plates with three-fold serially diluted standards. HRP-conjugated secondary 

antibody (Southern Biotech) was used to detect bound antibody. Supernatants from B 

cell-negative wells were always included as negative control, and cut-off value was set 

as 6 standard deviations above the mean of negative. 

CL ELISA was performed similarly with the following adaptations. 384-well 

untreated plates (Corning) were coated overnight with 50 µg/ml CL (Sigma) in 100% 

ethanol. 1x PBS was used to hydrate the plate, which was then blocked with PBS/10% 

FBS (Thermo), before addition of supernatants and serially diluted standards. Between 

each step, PBS was used to wash unspecific binding. Plates coated with 100% ethanol 

only were always used to set the background for unspecific plastic binding. 

2.11.5 UBE3A binding 

UBE3A binding by bnAbs was determined in a sandwich ELISA [245]. Briefly, 

96-well microplates (BD Biosciences) were coated with human bnAbs at 2 µg/ml 

overnight and blocked with permissive buffer (PBS/0.5% BSA/0.1% Tween-20) or 

stringent buffer (PBS/4% whey protein/15% normal goat serum/0.5% Tween-20). 

Recombinant UBE3A protein (Abcam) was added at 2µg/ml for incubation in blocking 

buffer and threefold serially diluted. Mouse monoclonal anti-UBE3A antibody (2F6, 

Sigma-Aldrich) and polyclonal UBE3A-specific IgG (Thermo Fisher Scientific) were used 

to detect bound UBE3A. Secondary reagent goat anti-mouse IgG-HRP (SouthernBiotech) 
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was used to detect bound antibody. CD4 ELISA was performed similarly, with soluble 

CD4 (SinoBiological) coated at 2 µg/ml, and biotin anti-human CD4 (OKT4, BioLegend) 

used as positive control. For FAM48A and PACRG ELISA, plates were coated with 2 

µg/ml proteins (Abnova), blocked with either permissive or stringent buffer, and 

detected by 10E8, 19b, and 151K serially diluted in blocking buffer. 

2.11.6 Competitive inhibition of UBE3A binding 

Competitive inhibition ELISA with bnAbs was performed similarly with the 

following modifications. In human bnAbs competition ELISA, VRC01 was coated onto 

ELISA plates at 2 µg/ml; after washing, HIV-1 JR-FL gp140 (2 µg/ml) and serial dilutions 

of competitor bnAbs or control antibody 151K (50 µM) were added and incubated for 1 

hr at 22C. After incubation, the plates were washed and the V4-SE Ab, a musinized 

2F5 recombinant antibody (mouse C2b and C) specific for the HIV-1 gp41 MPER, was 

used to detect bound gp140; in turn bound V4-SE was detected by the addition of anti-

mouse IgG-HRP. When using UBE3A to inhibit bnAb binding to JR-FL gp140, JR-FL 

gp140 (1 µg/ml) was reacted with plate-bound VRC01 in the presence of increasing 

concentrations (0.5 nM-1 µM) of recombinant UBE3A (heterologous inhibition) (Abcam), 

or HIV-1 gp120 (homologous inhibition). Bound gp140 was detected by the addition of 

V4-SE followed by anti-mouse IgG-HRP. 



 

71 

2.12 Kynureninase enzymatic assay. 

Recombinant KYNU (2 ng/µL) was added to 50 µL of 200 µM 3-

hydroxykynurenine substrate. The reaction product 3-hydroxyanthranilinic acid was 

read on a fluorescent plate reader at excitation and emission wavelengths of 315 nm and 

415 nm, respectively. The conversion factor for 3-hydroxyanthranilinic acid 

concentration was determined from a 3-hydroxyanthranilinic acid standard (Sigma). 

Enzyme activity (picomoles/min/µg) was calculated and adjusted to substrate only 

controls. 

2.13 Surface plasmon resonance 

SPR studies were performed as described [207]. For measurement of KYNU 

affinity to 2F5 family Ab, recombinant KYNU was immobilized on a Biacore CM5 chip. 

The binding was measured using 2F5 mAb (at 1.0, 0.8, 0.6, 0.4, 0.2, and 0.1 µg/ml) and 

2F5 RUA variant 2 mAb (at 100, 80, 60, 40, 20, 10 and 5 µg/ml). 2F5 mAb and 2F5 RUA 

variant 2 mAb binding curves were fitted globally to a Bivalent analyte model. KYNU 

mutant (D92E) was also immobilized on an adjacent flow cell of the same sensor chip as 

a control and no binding was observed with either 2F5 mAb, 2F5 Fab or 2F5 RUA 

variant 2. 

2.14 Luminex assay. 

Luminex assays were performed as reported [253]. Briefly, 5x106 microspheres 

(Luminex Corp.) were covalently linked to 25 µg recombinant protein and incubated 
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with serially diluted antibody. Bound antibody were detected with 4 µg/ml biotinylated 

mouse anti-human IgG (Southern Biotech) or donkey anti-goat IgG (Southern Biotech), 

followed by incubation with 5 µg/ml streptavidin-phycoerythrin (PE) (BD Pharmingen). 

Fluorescence was measured on a Bio-Plex instrument (Bio-Rad). 

2.15 Structural analysis 

Figure was generated using the PyMOL Molecular Graphics System, Version 1.3, 

Schrödinger, LLC [254]. Previously reported protein structures were used for analysis 

[184, 255, 256]. 

2.16 Flow cytometry and cell sorting 

Single cell suspensions from spleen and BM were isolated and depleted of red 

blood cells by RBC Lysis buffer (eBioscience), and analyzed using standard staining 

methods [252]. Briefly, 107 cells were suspended in B cell media (BCM, RPMI1640, 10% 

HyClone FBS (Thermo), 5.5x10-5 M 2-mercaptoethanol, 10 mM HEPES, 1mM sodium 

pyruvate, 100 units/ml penicillin, 100 µg/ml streptomycin, and 1x MEM nonessential 

amino acid (all Gibco unless specified)) and stained with mAbs including B220 BV510 

(RA3-6B2, BioLegend), CD93 APC (AA4.1), IgM PE-Cy7 (II/41), IgD eF450 (11/26), CD21 

FITC (7G6, BD), CD23 PE (B3B4), (CD43 PE (S7, BD) and CD23 FITC for BM). Dead cells 

and doublets were excluded from analysis based on propidium iodide (Sigma) staining 

and forward scatter (FSC). B-cell subsets were identified and isolated following the 

definitions of R.R. Hardy [257]) and our prior work [252]: small pre-B (B220loCD93+IgM-
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IgD-CD43-FSClo), T1 B cells (B220loIgMhiIgDloCD21-CD23loCD93hi), T2 B cells 

(B220hiIgMhiIgDhiCD21loCD23hiCD93int), MF B cells (B220hiIgMintIgDhiCD21loCD23hiCD93-), 

and anergic B cells (B220+IgM-IgD+). All FACS analysis was performed using a BD 

FACSCanto or FACSCanto II cytometer and presented with FlowJo software (TreeStar). 

Cell sorting was performed on either a Beckman coulter MoFLo Astrios sorter, or a BD 

FACSAria. 

2.17 In vitro single B cell culture 

In vitro single B cell culture was performed as described [258]. Briefly, 103 

NB21.2D9 feeder cells were seeded in 100 µl BCM into each well of a 96-well plate 

(Denville Scientific) 24 hours prior to B cell sorting. 100 µl murine IL-4 (PeproTech, final, 

2 ng/ml) was added to each well immediately prior to sorting and single B cells were 

directly sorted (day 0) into each well as described above. On day 2, 100 µl of culture 

media were replaced with 200 µl fresh 37°C BCM. From day 3 to 8, 200 µl culture media 

were replaced with fresh BCM every 24 hours. On day 9, all culture supernatants were 

harvested and stored with 0.1% NaN3 (Sigma) for ELISA determinations. Plates 

containing B cell clones were stored at -80ºC for V(D)J analysis. 

2.18 Amplification of V(D)J rearrangements 

V(D)J rearrangements of B cell clones were amplified by a nested PCR as 

described [259]. All reagents were obtained from Invitrogen unless specified. Briefly, 

total RNA was extracted using TRIzol, chloroform (IBI scientific), and isopropanol 



 

74 

(Fisher) following the manufacture’s instruction. After DNase I treatment, cDNA was 

synthesized using oligo dT primers. Every cDNA was subjected to two nested PCRs 

using Herculase II fusion DNA polymerase (Agilent Technologies) to amplify both the 

KI V(D)J and endogenous murine V(D)J. KI HC PCR primers were the 2F5/4E10 leader 

(forward) and Cγ1 (reverse). KI LC PCR primers were the 2F5/4E10-specific forward 

primer and murine C (reverse). Endogenous HC and LC PCRs used established 

primers [259]. PCR amplicons of the expected size were gel purified (Wizard SV, 

Promega), ligated into vectors (topo blunt end), and transformed into bacteria (DH5α). 

DNA was purified (Mini prep, Promega) and sequenced at the Duke DNA sequencing 

facility. All HC and LC were sequenced from triplicate bacteria clones to identify PCR-

introduced mutations. CDR3 nucleotide sequences of all samples were compared to 

avoid cross-sample contaminations. All sequences were aligned with the 2F5/4E10 VH 

and VL regions by ClustaW2 (EMBL-BEI), and blasted against the IMGT/V-QUEST 

database (http://www.imgt.org/). 

2.19 Immunizations. 

Opossums were housed at the Texas Biomedical Research Institute. Priming 

immunizations involved intramuscular, intranasal, and sublingual routes with a total of 

100 µg JR-FL in Emulsigen® (Mvp Laboratories, Inc.) with oCpG distributed in a 2:1:1 

ratio, respectively. Opossums were immunized with gp140 JR-FL at wk 0 and 3, and 

then boosted with liposomes every 3 wks. Boosting liposomes contained the MPER656 
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peptide (NEQELLELDKWASLWNWFNITNWLW) and TLR7/8 and TLR4 ligands as 

described [207], and were given via intramuscular, intranasal, and sublingual routes at 

66 µg, 7 µg, and 3.5 µg each. Sera were sampled prior to immunization and 2 wk after 

each immunization and stored at -80˚C until use. 

C57BL/6 mice were primed with the same JR-FL gp140 in Emulsigen with oCpG 

(25 µg) administered to opossums at wk 0, and then boosted i.p. with 25 µg of the same 

liposomes given to opossums every 2 wks. Sera were sampled prior to immunization 

and 10 days after each immunization and stored at -80˚C until use. 

2.20 Statistical analysis.  

Significant differences in polyreactivity between bnAb and nnAb were tested 

using an Exact Wilcoxon (Mann-Whitney) test, assuming two independent groups and 

without the assumption of normally distributed data. A supportive linear mixed model 

regression, which places assumptions on the data such as normality, was performed to 

account for correlation among antibodies from the same lineage. The results from the 

linear mixed model corroborated the Exact Wilcoxon and have not been displayed. Exact 

Binomial test was used to compare frequency of poly- and autoreactivity among bnAbs 

and nnAbs to the expected frequency [0.2, [77]]. Statistical tests were performed using 

SAS 9.3. 
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3. Identification of autoantigens recognized by the 2F5 
and 4E10 bnAbs 

In this chapter, I identify KYNU and SF3B3 as the conserved mammalian 

proteins mimicked by the HIV-1 epitopes of 2F5 and 4E10. This work was conducted 

with assistance from T. Matt Holl, a former student, and Yang Liu, a former post-

doctoral fellow in the laboratory. The following text was modified from its original 

publication, “Identification of autoantigens recognized by the 2F5 and 4E10 broadly 

neutralizing HIV-1 antibodies,” published in Volume 210 of the Journal of Experimental 

Medicine (2013) [245]. 

3.1 Introduction 

Although uncommon, broadly reactive antibodies that neutralize multiple HIV-1 

clades (bnAb) and provide significant immune protection have been identified. bnAb 

that block HIV infectivity contain viral spread under experimental conditions, 

preventing infection by HIV isolates in vitro [148] and, at high concentrations, in vivo 

[149-151]. Indeed, passive administration of bnAb 2F5, 2G12, b12 or 4E10 prevents 

Simian Human Immunodeficiency Virus (SHIV) infection in monkeys [149, 150, 152, 

153]. Likewise, humanized mice expressing transduced bnAb are protected from HIV 

infection [151] and passive bnAb reduces the magnitude of viral rebounds after 

interruption of antiviral therapy in some patients [154]. 
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Several HIV-1 neutralizing epitopes are located along the membrane proximal 

external region (MPER) of gp41, a structure critical for viral fusion with target cells [180]. 

The gp41 specific bnAb 2F5, Z13, and 4E10, react with adjacent but distinct epitopes 

along the HIV-1 MPER [147, 177, 178], yet these antibody types are elicited in only a 

minority of HIV-1 patients and then only after years of infection [260, 261]. These bnAb 

carry high frequencies of mutations, suggestive of extraordinary selection of germinal 

center (GC) B cells [262] and despite significant effort, no vaccine or immunization 

strategy induces robust MPER neutralizing antibody responses [200-203, 207]. 

Several explanations have been offered for the remarkable scarcity of gp41 HIV-1 

bnAb following vaccination, including the complexity and genetic plasticity of HIV-1 

epitopes, shielding of crucial antigenic determinants by glycosylation, competitive 

suppression by highly immunogenic, non-neutralizing envelope epitopes, and 

insufficient diversity in the primary antibody repertoire [reviewed in [139]]. 

Observations that the 2F5 and 4E10 bnAb recognize self-antigens [185, 237, 238] offer an 

alternative explanation for the low frequencies of MPER-reactive bnAb in infected 

patients and vaccinees: immunological tolerance depletes most autoreactive B cells and 

consequently would impair antibody responses to HIV-1 epitopes that mimic self-

antigens [232]. 

During development, self-reactive B cells are tolerized by apoptosis, anergy, or 

receptor editing [263], processes that have been intensively studied in mice expressing B-
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cell receptors (BCR) for authentic [49, 50] or neo-self-antigens [51]. These experimental 

models have defined immature and transitional 1 (T1) B cells as targets of tolerizing 

apoptosis [53] and identified anergy [83] and receptor editing [69, 70] by characterizing 

B-cell populations that escape apoptosis. Recently, these studies were extended to 

humans by expressing IgH and IgL rearrangements from single immature, transitional, 

or mature B cells and determining the frequencies at which these recombinant antibody 

reacted with self-antigens [77, 264]. In mice and humans, the frequency of autoreactive B 

cells decline with increasing developmental maturity [77, 264], even when cells are 

recovered from peripheral sites [265, 266]. 

The influence of tolerance on MPER-reactive B-cell development has recently 

been investigated by the generation of 2F5 VDJ “knock-in” (2F5 VDJ-KI) mice [237, 238]. 

B-cell development in 2F5 VDJ-KI mice is largely blocked at the transition of small pre-B 

to immature B cells [237], a developmental blockade characteristically observed in mice 

expressing BCR for MHC [49] or double-stranded DNA [109]. However, unlike studies 

utilizing BCRs with known auto-specificity, the self-antigen(s) that mediates selection 

against the development of B cells that recognize the 2F5 and 4E10 epitopes has not been 

identified. 

Here, we identify kynureninase (KYNU) and splicing factor 3B subunit 3 (SF3B3), 

as the conserved self-antigens bound by the 2F5 or 4E10 bnAb, respectively. The KYNU 

H4 domain contains the complete 2F5 MPER epitope and a single, conservative 
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mutation in the H4 motif abolishes 2F5 binding but not enzymatic activity. Remarkably, 

opossums naturally carry the same KYNU H4 mutation that destroys the 2F5 epitope, 

but retain all 4E10 epitopes in SF3B3, and after immunization with HIV-1 envelope 

develop unprecedented antibody responses against the 2F5 epitope, but not the adjacent 

4E10 determinant. Our findings implicate immunological tolerance as a natural 

mechanism by which HIV-1 evades robust immune responses. 

3.2 Results 

3.2.1 Immunoprecipitation of human cell antigens by 2F5 and 4E10 

To identify any cellular antigens recognized by 2F5 and 4E10, we 

immunoprecipitated whole-cell extracts of human HEp-2 cells with 2F5, 4E10, or an 

isotype matched (IgG1/) human myeloma protein (151K). Specifically bound proteins 

were eluted from the bnAb and 151K, and resolved by SDS-PAGE (Figure 6A). 

In this way, we identified discrete bands uniquely associated with 2F5, 4E10, or 

151K eluates. Two discrete ligands of ~70 kD and ~50 kD were significantly enriched in 

all 2F5 eluates (Figure 6A); one notable band of ~130 kD was found in 4E10 eluates. 

Additionally, 2F5-eluates were commonly enriched for a more diffuse band representing 

molecular mass of ~40 kD, whereas 4E10-eluates contained a diffuse band of ~70 kD. All 

other components of 2F5 and 4E10 immunoprecipitates were equivalently bound by the 

151K myeloma control (Figure 6A). 

http://thesaurus.com/browse/unprecedented
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We excised the protein bands preferentially immunoprecipitated by 2F5 and 

4E10 bnAb and the corresponding areas of the 151K eluate (Figure 6A) for analysis by 

tandem mass spectrometry. A total of 15 proteins immunopreciptated by 2F5 were 

identified in ≥2 of 3 independent experiments; all are typically cytoplasmic (Figure 6B). 

ATPase family AAA domain-containing protein 3A (ATAD3A), apoptosis-inducing 

factor 1, mitochondrial precursor (AIFM1), 60 kD heat shock protein, mitochondrial 

precursor (HSP60) and heterogeneous nuclear ribonucleoprotein Q (SYNCRIP) were 

uniquely found in the 70 kD band of 2F5-eluate; tubulin beta-4A chain (Tubb4), 

elongation factor Tu, mitochondrial precursor (TUFM), kynureninase (KYNU), 60S 

ribosomal protein L4 (RPL4), fatty aldehyde dehydrogenase (ALDH3A2), and tubulin 

alpha-1B chain (K-ALPHA-1) were identified in the 50 kD compartment; erlin-2 

(ERLN2), emerin (EMD), mitochondrial 2-oxoglutarate/malate carrier protein 

(SLC25A11), 60S ribosomal protein L7 (RPL7), and prohibitin (PHB) were recovered in 

the 40 kD band. Similarly, 3 proteins were found to associate preferentially with 4E10: 

splicing factor 3b subunit 3 (SF3B3) from the 130 kD band, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase 48 kD subunit precursor (OST48) from the 50 kD band.  
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Figure 6: Identification of 2F5 and 4E10 cellular antigens by immunoprecipitation. 

(A) HEp-2 cell lysate was immunoprecipitated with 2F5, 4E10, or human myeloma IgG 

(151K) and resolved under non-reducing conditions as described in Materials and 

Methods. Boxes indicate bands that were differentially associated with 2F5, 4E10, or 

151K eluates and were excised in pairs (bnAb versus 151K) for mass spectrometric 

analysis. HEp-2 lane contains whole-cell lysate of HEp-2; 2F5 IP, 151K IP, and 4E10 IP 

lanes include specifically bound proteins eluted from 2F5, 151K, and 4E10, respectively. 

Protein molecular weights are indicated on both sides of gel electrophoresis. Experiment 

was repeated on four independent occasions. (B) Excised protein bands were analyzed 

by tandem mass spectrometry; candidates were defined as proteins uniquely recovered 

in the bnAb, but not 151K control bands of the same molecular weights. To identify 

immunoprecipitates accurately, we required each protein candidate to be represented by 

≥ 3 peptides with > 95% peptide identification probability. Listed proteins were 

recovered in ≥ 2 out of 3 independent mass spectrometry tryptic digest analyses. Protein 

molecular weight indicates size of the band from which proteins were identified.  
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3.2.2 2F5 and 4E10 reactivity in human protein array 

In an independent screen for 2F5 and 4E10 ligands, we used the Invitrogen 

ProtoArray® microchip, which covers 9,400 human proteins to compare the binding 

patterns of 2F5 and 4E10 to that of the human 151K. Anti-human IgG blotted on the 

array was used as an internal control for antibody loading, and human IgG on the array 

served as a loading control for the secondary detection reagent. Most proteins were 

bound equivalently by 2F5 and 151K (diagonal binding axis, Figure 7A). Intracellular 

high affinity Ig receptor TRM21 [267] and all internal control proteins were equally 

recognized by both Ab, and located in the upper right square (Figure 7A). However, 2F5 

bound significantly better to KYNU and CKLF-like MARVEL transmembrane domain 

containing 3 (CMTM3) than did 151K (Figure 7A). 

In contrast, 4E10 recognized 92.5% of the 9,400 microarray proteins better than 

the 151K control, and most proteins lay below the diagonal (Figure 7B). Internal controls 

of anti-human IgG were equally recognized by 4E10 and 151K, suggesting that the 

drastically skewed 4E10 binding pattern is not a result of differences in antibody 

concentration, but rather because of exceptional polyreactivity by 4E10. Unlike the 2F5 

binding to KYNU and CMTM3, however, the majority of protein interactions by 4E10 

are low avidity interactions, as indicated by the low fluorescence intensities. The three 

proteins that were identified to associate with 4E10 in immunoprecipitation, SF3B3, 

OST48, and GAPDH, also showed higher fluorescent binding to 4E10 than to 151K in the 
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protein array (not shown). Additionally, we identified interleukin-1 family member 6 

(IL1F6) and retinoid X receptor, beta (Rxr-beta) as positive candidates in the 4E10 array, 

although the fluorescent intensities are 4 fold lower than the positive hits in the 2F5 

array. 

 

Figure 7: Identification of 2F5 and 4E10 self-antigens by protein array. 

Representative ProtoArrayTM summary for protein arrays blotted with 2F5 (A), 4E10 

(B), or 151K control. Axis values are relative fluorescence signal intensity in 151 array (y-

axis) or bnAb array (x-axis). All proteins appear as duplicates on each array and each 

dot represents one replicate. Diagonal indicates equal binding by bnAb and 151K. 

Circles indicate repeatedly recovered positive hits by each antibody. BHMT2 (betaine-

homocysteine methyltransferase 2) and COX7A2L (cytochrome c oxidase subunit VIIa 

polypeptide 2 like) were identified as the specific ligand for the human myeloma 151K 

in > 4 independent experiments. As a control, we compared the binding pattern of a 

humanized therapeutic mAb against TNF-α, Infliximab, to that of the myeloma protein 

151K (data not shown). Infliximab strongly associated with TNF-α, significantly better 

than the 151K, confirming that our system is capable of identifying the specific ligand of 

an antibody. IL1F6, Interleukin-1 family member 6; Rxr-beta, retinoid X receptor beta. 

2F5 and 151K arrays were repeated in ≥3 independent occasions; 4E10 protein array was 

performed twice.  
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3.2.3 Confirmation of KYNU and SF3B3 as self-antigens of 2F5 and 
4E10 

3.2.3.1 Screening self-ligand candidates for 2F5 and 4E10 in ELISA 

To confirm that the proteins identified in mass spectrometry and protein array 

were bound by 2F5 or 4E10 with substantial affinity and high specificity, we obtained 

the full-length recombinant human proteins of all candidate 2F5 or 4E10 ligands and 

quantified their reactivity in ELISA. The initial ELISA, performed under permissive 

conditions [252], identified six proteins, KYNU, CMTM3, TUBB4, RPL7, K-ALPHA-1, 

and SYNCRIP to exhibit strong 2F5 binding (Figure 8A), ATAD3A, PHB, EMD, RPL4, 

ALDH3A2, and ERLN2, weakly associated with 2F5, and SLC25A11, HSP60, TUFM, and 

AIFM1 showed binding to 2F5 comparable to the negative control (BSA). The six strong 

binding proteins and ATAD3A were subjected to a second ELISA under more stringent 

binding conditions [268]; KYNU and CMTM3 were the only proteins bound by 2F5 

under these conditions (Figure 8B). 

Similarly, the five candidate ligands of 4E10 were tested for 4E10 binding under 

permissive conditions. Two proteins, SF3B3 and OST48, reacted robustly with 4E10; the 

two low affinity 4E10 ligands identified in protein array (Figure 7B), IL1F6 and Rxr-beta, 

exhibited detectable but weak binding to 4E10; GAPDH had minimal interaction with 

4E10 that is comparable to negative control. However, of the two strong binding 

proteins, under stringent conditions, only SF3B3 retained reactivity for 4E10 (Figure 8C). 
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Thus, KYNU and CMTM3 are the main self-antigens that 2F5 specifically recognizes, 

and SF3B3 is the primary self-antigen of 4E10. 

 

Figure 8: Screen of candidates for 2F5 and 4E10 self-ligands. 
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(Figure 8, continued) Serial dilutions of 2F5 (A and B, blue), 4E10 (C and D, green), and 

151K (black) in duplicates were incubated on ELISA plates pre-immobilized with 

recombinant candidate proteins identified in Figure 6 and Figure 7. BSA was used as 

negative control. First round of screen was performed under permissive binding 

conditions as described in Materials and Methods (A and C). Seven strongly recognized 

ligands for 2F5 and all 4E10 candidate ligands were then subject to a second round of 

screen under stringent binding conditions as described in Materials and Methods (B and 

D). Axis values are optical density (OD; y-axis) or antibody concentrations (ng/ml; x-

axis). All experiments were repeated in > 2 independent experiments.  
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3.2.3.2 Binding of 2F5 and 4E10 to endogenous KYNU and SF3B3 

Both KYNU and CMTM3 exhibited strong 2F5 binding under stringent ELISA 

conditions. 2F5 binds KYNU, however, significantly more avidly than to CMTM3, since 

CMTM3 does not inhibit 2F5 binding to KYNU (Figure 9A) whereas KYNU inhibits 2F5 

binding to CMTM3 even better than CMTM3 itself (Figure 9B). KYNU was discovered as 

a 2F5 ligand in both immunoprecipitation and protein array, whereas CMTM3 was only 

found in the protein array.  

Interaction between 2F5 and cytoplasmic KYNU was confirmed in western blots 

by the specific labeling of 2F5 50 kD immunoprecipitates with KYNU-specific antibody 

(Figure 9C). In addition, we stained HEp-2 epithelial cells with 2F5 using 

immunofluorescence. Under stringent binding conditions, the 2F5 bnAb labels the 

cytoplasmic and perinuclear regions of HEp-2 (Figure 9D). The 2F5 staining of HEp-2 

cells colocalizes with KYNU-specific antibody staining (Figure 9D), suggesting that 

KYNU is the primary self-antigen of 2F5 in HEp-2 cells. 

Similarly, the 4E10 bnAb labels perinuclear Golgi/ER regions of HEp-2 cells under 

stringent conditions, and colocalizes with a bound SF3B3-specific antibody [269] (Figure 

9D). Collectively, these data indicate that KYNU and SF3B3 are the primary self-antigens 

of 2F5 and 4E10, respectively.
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Figure 9: KYNU and SF3B3 are the main self-ligands of 2F5 and 4E10. 

Inhibition of 2F5 binding to immobilized recombinant KYNU (A) or CMTM3 (B) 

assessed in ELISA as described in Materials and Methods. Y-axis indicates OD 

percentage of maximal binding, which is determined as the mean reading without 

inhibitors (100% binding is marked by grey dash lines for comparison). X-axis 

designates the molar ratio of inhibitor to plate immobilized ligand. (C) 2F5 and 151K 

immunoprecipitation eluates were stained with KYNU antibody in western blot. 

Recombinant KYNU (rKYNU) was used as a positive control; molecular weights of 

protein markers are shown on the left of gel. (D and E) HEp-2 slides were indirectly 

labeled with anti-KYNU (FITC, green) and 2F5 (PE, red) (D), or 4E10 (FITC, green) and 

anti-SF3B3 (PE, red). Negative controls were included to ensure specific staining and 

minimal cross-reactivity of all primary and secondary antibody. Scale bar, 15 µm. All 

data are representative of ≥3 independent experiments.  
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3.2.3.3 2F5 binds KYNU via the H4 DKW motif 

Soluble KYNU captured by plate-bound 2F5 mAb is recognized by anti-KYNU 

antibody (data not shown), confirming that both plate-bound and soluble KYNU are 

recognized by 2F5. To compare 2F5 binding to KYNU and HIV-1 gp140, we inhibited 

2F5 binding to gp140 JR-FL homologously with gp140 JR-FL, and compared that to 

heterologous inhibition by KYNU in ELISA. The inhibition curves were superimposable 

(data not shown), indicating that KYNU and HIV-1 gp140 are recognized by 2F5 at 

similar combining sites and with similar affinities. 

2F5 antibody recognizes a linear epitope specified by the Glu662-Leu-Asp-Lys-

Trp-Ala667 (ELDKWA) residues of the HIV-1 gp41 MPER ectodomain [147]. Because of 

the similar behavior of KYNU and gp41 in terms of 2F5 binding, we looked into the 

sequence of KYNU. Remarkably, KYNU contained the complete ELDKWA sequence in 

its H4 domain α-helix, a domain that is accessible to antibody (Figure 10A). 

Interestingly, a BLAST search in Swiss-Prot database revealed KYNU as the only known 

protein besides HIV envelope to contain the complete 2F5 neutralizing epitope motif, 

ELDKWA. Moreover, CMTM3 contains the DKW core of the ELDKWA motif, consistent 

with a lower affinity interaction to 2F5. 

To confirm that KYNU is bound by 2F5 at the H4 ELDKWA motif shared with 

HIV-1 gp41, we generated a mutant human KYNU bearing the D92 → E replacement that 

destroys the 2F5 nominal epitope [147]. Wildtype and mutant KYNU migrated similarly 
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in SDS-PAGE gels (Figure 10B) and were equally recognized by KYNU antibody (Figure 

10C). Importantly, wildtype and mutant KYNU exhibited identical enzymatic activity 

(Figure 10D), indicating little or no structural distortion. Nonetheless, 2F5 reactivity for 

mutant KYNU was completely abolished (Figure 10E), confirming that 2F5 binds KYNU 

at the single ELDKWA epitope shared by KYNU and the HIV-1 MPER. 

3.2.3.4 4E10 binds SF3B3 via novel lipophilic interactions 

4E10 is also thought to recognize a linear epitope on HIV-1 MPER epitope 

specified by residues Asn671-Trp-Phe-Asp/Asn-Ile-Thr683 (NWFD/NIT) [177, 270]. Unlike 

the DKW amino acid motif that appears to mediate 2F5 binding to CMTM3 (Figure 8B), 

no amino acid triplet in human SF3B3 matches to this canonical 4E10 epitope. 

Consequently, we also searched the SF3B3 amino acid sequence for the presence of two 

additional epitopes that have been suggested to mediate 4E10 binding to HIV-1 

envelope, LWVITVYYGVPVWK (gp120) and AV/L/MFLGFLGAA (gp41) [271]. Nine 

shared amino acid triplets present in these alternative epitopes were present in human 

SF3B3. In order to determine whether this overlap of 4E10 epitope triplets was merely a 

chance outcome, we randomly selected 150 protein sequences from the set of 9,400 

human proteins in the Invitrogen protein array (comprising 77,283 amino acid residues; 

Figure 7) and determined the frequencies of amino acid triplets in these proteins, both 

individually and pooled, that were also present in the 2F5 and 4E10 linear epitopes. By 

this comparison, the occurrence of 2F5 epitope triplets in human KYNU was found to be 
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significantly enriched compared to the randomly selected control proteins (p = 2.8x10-6; 

Student’s t-test). In contrast, the frequencies of 4E10 epitope amino acid triplets in the 

control proteins were not significantly different from that in SF3B3 (p = 0.25; Student’s t-

test). We conclude that the avid binding of 4E10 to SF3B3 (Figure 8C) is not mediated by 

any of the known 4E10 linear epitopes, but rather by unknown linear or conformational 

motifs. 

In order to compare the nature of 4E10 binding to SF3B3 and gp41, we inhibited 

the SF3B3 binding to 4E10 in ELISA using either recombinant HIV-1 gp41, or liposomes 

decorated with cardiolipin [182]. 2F5 binding to KYNU is readily inhibited by gp41, but 

not by liposomes, even at high concentrations (Figure 11A). In contrast, 4E10 binding to 

SF3B3 was strongly reduced by the liposome/cardiolipin inhibitor but not by gp41 

(Figure 11B). Although there is controversy regarding the cardiolipin reactivity of 2F5, it 

is accepted that 4E10 binds anionic phospholipids, including cardiolipin, with high 

affinity [182, 272, 273]. This phospholipid interaction is mediated by the long 

hydrophobic HCDR3 of 4E10, whereas the hydrophobic properties of this extended 

HCDR3 are not required for interaction with gp41 protein [183]. With these points in 

mind, we propose that the 4E10 bnAb may not bind to SF3B3 in the way that it does to 

the HIV-1 gp41 MPER (Figure 11B) but rather utilizes the lipophilic HCDR3 in a way 

that confers substantial specificity (Figure 7B). Significantly, the lipophilic HCDR3 of 

both 2F5 and 4E10 are crucial for bnAb activity [183].  
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Figure 10: 2F5 recognizes KYNU through the H4 DKW shared with HIV-1 gp41. 

(A) Structure of monomeric KYNU as it appears in the dimer complex. Green highlights 

2F5 epitope within the H4 domain of KYNU; red indicates D amino acid in the core of 

2F5 epitope [255]. (B) Recombinant wildtype and mutant KYNU were resolved in non-

reducing SDS-PAGE and stained with coomassie blue. (C and E) gp41, recombinant 

KYNU and mutant KYNU binding to anti-KYNU (C) or 2F5 (E) in Luminex assays. 

Uncoupled beads (blank) were used as negative control. MFI, mean fluorescence 

intensity. (D) Enzymatic activities of wildtype and mutant KYNU were measured as 

described in Materials and Methods. RFU, relative fluorescence unit. Enzymatic 

measurements were repeated in ≥3 independent experiments. All other data were 

collected twice in duplicates.  
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Figure 11: 4E10 binds SF3B3 via hydrophobic interactions. 

Competitive inhibition of 2F5 binding to KYNU (A), and 4E10 binding to SF3B3 (B) by 

gp41 (circle) or liposome containing 75% cardiolipin and 25% phosphatidyl choline 

(triangle). Recombinant KYNU and SF3B3 were immobilized, and 3-fold serial dilutions 

of the indicated inhibitor were added, followed by 200 ng/ml 2F5 (A) or 4E10 (B). bnAb 

binding was detected as described in Materials and Methods. Y-axis indicates OD 

percentage of maximal binding, which is determined as the mean reading without 

inhibitors (100% binding is marked by grey dash lines for comparison). X-axis 

designates the molar ratio of inhibitor to plate immobilized ligand. All experiments were 

performed in duplicates.  
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3.2.3.5 Germline precursors of 2F5 and 4E10 bind human KYNU and SF3B3 

The avid binding of 2F5 and 4E10 to KYNU and SF3B3 suggested that 

endogenous KYNU and SF3B3 might tolerize developing B cells bearing BCR like 2F5 or 

4E10. Since this tolerance would necessarily act on unmutated B cells, we generated the 

reverted unmutated ancestor (RUA) antibody for 2F5 and 4E10 [243]. Two RUA for 2F5 

with identical posterior probabilities were identified (RUA variant 1 and RUA variant 2). 

These germline antibody exhibit low, but significant affinities for the 2F5 epitope 

(variant 1, Kd = 0.11 M; variant 2, Kd = 4.8 M) than does the 2F5 antibody [Kd = 4.5 nM 

[243]]; RUA variant 1 bound KYNU strongly in both ELISA and western blots, although 

less strongly than 2F5 (Figure 12A). Like 2F5, the 2F5 RUA variant 1 binds to KYNU via 

the ELDKWA motif, since the interaction is completely abolished upon D92 substitution 

(Figure 12B). 2F5 RUA variant 2 antibody was not positive in our assays, but more 

sensitive plasmon resonance studies have demonstrated its capacity to bind the 

ELDKWA motif [243]. 

Similarly, the RUA for 4E10 was generated (4E10 GL1). In serological assays, 

4E10 GL1 binds SF3B3, albeit with ≈ 10-fold lower avidity than 4E10 and control SF3B3 

antibody (Figure 12C). Therefore, the immature B cells expressing 4E10 germ-line 

antibody may well be subject to tolerance deletion by endogenous SF3B3.  
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Figure 12: KYNU and SF3B3 are recognized by germ line precursors of 2F5 and 4E10. 

(A and B) Recombinant KYNU (A) or mutant KYNU (B) were immobilized on ELISA 

plates, and detected by duplicate 3-fold serial dilutions of 2F5, 2F5 RUA variant 1, 2F5 

RUA variant 2, and anti-KYNU. (C) Recombinant SF3B3 was immobilized, duplicate 

serial dilutions of 4E10, 4E10 GL1, and anti-SF3B3 were added, and binding was 

detected as described in Materials and Methods. All experiments include negative 

controls with BSA plates and isotype control antibody (data not shown). All data are 

representative of at least three independent experiments.  
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3.2.4 KYNU mimicry abrogates humoral responses to the 2F5 epitope 

3.2.4.1 KYNU and SF3B3 are phylogenetically conserved 

Immunization of various animals with peptides bearing the 2F5 and 4E10 

epitopes has demonstrated its poor immunogenicity across species [reviewed in [241]], 

indicating that the suppression of potential antibody responses by tolerance mechanisms 

is conserved among mammals. Indeed, we observed similar staining patterns to human 

HEp-2 cells when 2F5 and 4E10 were used to label mouse fibroblasts [237], suggesting 

that the self-ligands of 2F5 and 4E10 are present in both species. Therefore, we sought to 

compare the sequence similarity of mammalian KYNU and SF3B3. 

The ELDKWA sequence present in human KYNU, an enzyme that catalyzes the 

cleavage of L-kynurenine and 3-hydroxykynurenine into anthranilic acid and 3-

hydroxyanthranilic acid, respectively [274], is located in a surface exposed, H4 domain 

that mediates homodimerization [255]. Such sequence within the H4 domain of KYNU is 

remarkably conserved. All mammals for which genomes have been sequenced carry the 

ELDKWA H4 domain except grey short-tailed opossum, where glutamic acid (E92) 

replaces aspartic acid (D92) (ELEKWA). This substitution also occurs in zebrafish and 

conserves enzymatic function (Figure 10C), but completely abrogates 2F5 binding 

(Figure 10A). Therefore, KYNU from all mammalian species but opossum should exert 

tolerizing pressure for B cells expressing 2F5-like BCR. In addition, the DKW sequence 

of CMTM3 is also conserved among humans, chimpanzees, and mice, but not opossums 

(Figure 13). 
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SF3B3 is also highly conserved in mammalian species (Figure 13); the amino acid 

sequences of human, non-human primates, mouse, rat, and wolf SF3B3 are ≥99.7% 

identical. Even in opossum, a marsupial mammal, SF3B3 shares 94.9% amino acid 

identity with human. 

 

Figure 13: KYNU, CMTM3, and SF3B3 are phylogenetically conserved. 

(A) Amino acid sequence flanking the 2F5 epitope within the MPER of HIV-1 gp41. (B) 

The amino acid sequences of the H4 domain of KYNU in human, chimpanzee, mice, and 

opossums are listed. (C) CMTM3 sequence flanking DKW in human, chimpanzee, mice, 

and opossums. (D) Overall amino acid sequence identity of mammalian SF3B3 

compared to human SF3B3. Sequences of all mammalian species for which the genome 

has been sequenced are also conserved in the 2F5 epitope in KYNU (data not shown).  
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3.2.4.2 Immunization of Monodelphis domestica 

Opossums naturally carry the D92  E exchange at the site of 2F5 binding to 

KYNU (Figure 13) that abolishes 2F5 reactivity but not enzyme activity (Figure 10) [147]. 

In contrast, opossum SF3B3 from liver cell lysates is strongly bound by the 4E10 

antibody (data not shown); 4E10 is also highly polyreactive (Figure 7B). We predict, 

therefore, that 4E10-like B cells are tolerized in opossums. The absence of the 2F5 epitope 

in opossum KYNU (and CMTM3) but retention of 4E10 self-reactivity imply that 

immunization of opossums with HIV-1 antigens containing both determinants will 

induce antibody to the 2F5 epitope, but not to the adjacent 4E10 determinant. 

A cohort of 12 opossums were immunized with HIV-1 gp140 JR-FL and boosted 

at 21 day intervals with liposomes bearing an MPER peptide and TLR ligands [207]. The 

MPER peptide immunogen carries both 2F5 and 4E10 epitopes. Sera were collected two 

wk after each immunization and analyzed for antibody to gp41 and peptides containing 

the 2F5 or 4E10 epitopes [147, 177, 221]. For comparison, C57BL/6 mice were similarly 

immunized with the same protein and liposome immunogens. 

In opossums, the initial immunization elicited significant levels of gp41 antibody 

with ELDKWA specific antibody present after the second immunization; by the third 

immunization serum antibody specific for gp41 and 2F5 peptide were equivalent (Figure 

14A). antibody responses to the 2F5 epitope continued to increase on boosting, reaching 

an average end-point titer (wk 14) of 10-4.7 (geometric mean, n = 12, 1:47,622). By the 
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fourth immunization, the three highest responders generated a mean antibody titer of 

10-5.2 (1:163,897) with one opossum achieving a titer of 10-5.5 (1:340,920). These high levels 

of serum antibody were maintained with no significant change following a fifth 

immunization (Figure 14A). Despite the remarkable speed and scale of these ELDKWA 

antibody responses, reactivity against the 4E10 epitope in all immunized opossums was 

virtually absent (geometric mean, n = 12, 1:2.6) (Figure 14A). 

In mice given the same immunogens, development of serum antibody was 

significantly delayed and reduced. Serum antibody to both the 2F5 and 4E10 epitopes 

was not observed until 4 wk after the primary immunization and serum titers never 

climbed (wk 12) above 10-1.9 (geometric mean, n = 5, 1:72) (Figure 14A). Serum antibody 

responses to the 2F5 and 4E10 MPER epitopes in mice were < 0.5% of the 2F5 and gp41 

responses observed in opossums. 

To map the fine specificity of the serum 2F5-like antibody generated by 

opossums, we determined the reactivity of each serum against a library of alanine-

mutated 2F5-peptides by SPR. Remarkably, the 2F5 epitope binding activity of the 

opossum sera mapped most strongly to the single aspartic acid (D92) residue absent in 

opossum KYNU (Figure 14B). This focused binding is consistent with our hypothesis 

that robust 2F5-like antibody responses to HIV-1 gp41 in immunized opossums was the 

consequence of removing tolerizing selection by endogenous KYNU.  
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Figure 14: Opossums mount robust 2F5-like antibody responses following 

immunization with HIV-1 envelope protein. 

(A) Twelve laboratory opossums were immunized with JR-FL gp140 and boosted with 

liposomes containing MPER peptide and TLR ligands. MPER peptide contains both 2F5 

and 4E10 determinants. Sera were assayed by ELISA for opossum IgG against gp41, 

biotinylated 2F5-epitope peptide, and biotinylated 4E10-epitope peptide. All ELISA 

plates contained positive controls of 2F5 or 4E10, and negative controls of human IgG 

(data not shown). End point titers (n = 12; geometric means±SD) were determined as 

described in Materials and Methods. For comparison, BL/6 mice were primed and 

boosted i.p. with the same JR-FL gp140 and liposome immunogens given opossums at 

two wk intervals for 12 wk. Mouse sera (pre- and post-immunization) were assayed by 

ELISA for IgG antibody using the MPER656 peptide that includes both the 2F5 and 4E10 

epitopes. End point titers (n = 5; geometric means ±SD) were determined as for 

opossums. (B) Single alanine mutations were introduced into a collection of 2F5-epitope 

peptides spanning residues 661-669. The effects of these mutations were evaluated by 

SPR and compared to binding of opossum serum to wildtype 2F5 peptide. The five sera 

with highest SP62 responses in SPR are shown.  
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Despite the similar binding properties of opossum ELDKWA serum antibody 

with 2F5 (Figure 14B), there was no neutralizing activity in the plasma of immunized 

opossums, consistent with the additional requirement of lipid reactivity by induced 

antibody for virus neutralization [183, 184]. 

3.3 Discussion 

HIV-1 exhibits exceptional antigenic plasticity and diversity, consequently 

vaccines that elicit neutralizing serum antibody to conserved epitopes of HIV-1 envelope 

proteins are a key research focus [275, 276]. The gp41 MPER located at the Env stem 

contains the fusion machinery necessary for viral cell entry [180], and is the target of 

several potent HIV-1 bnAb, including 2F5 and 4E10 [147, 177]. However, despite its 

genetic and structural conservation among clades [277], HIV-1 gp41 MPER epitopes are 

poorly immunogenic even when administered in a variety of contexts and in several 

animal models [241]. Similarly, only a minority of HIV-1 infected subjects mount robust 

MPER bnAb responses and even then only after years of infection [139]. To explain this 

remarkable lack of immunogenicity, it has been proposed that the physiologic processes 

of immunological tolerance may limit the production of MPER bnAb against epitopes 

that mimic host structures [232]. This hypothesis offers a mechanistic explanation for the 

rarity of MPER-reactive antibody responses following vaccination and infection, is 

testable [237, 238], and predicts that neutralizing HIV-1 MPER epitopes have been 

selected to mimic host antigens [185, 232]. 
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Host mimickry by microbial pathogens is well known. For example, antibody 

elicited by bacterial adhesin FimH of fimbriated pathogens cross-reacts with LAMP-2 

and causes FNGN [130]. Similarly, antibody to Campylobacter jejuni LOS frequently 

reacts with mammalian gangliosides present on neural cells [278], a mimickry associated 

with only modest serum antibody responses in a minority of Campylobacter infections 

[134]. Immunization of normal mice with C. jejuni LOS elicits weak, T-dependent 

antibody responses but these are greatly enhanced in knockout mice that cannot 

generate complex gangliosides [134]. This observation identifies microbial mimicry of 

host antigens as an effective strategy to mitigate humoral immunity in the infected host. 

We submit that this evolutionary strategy is widespread and a principal component of 

the poor bnAb responses to HIV-1 MPER epitopes. 

We used two approaches to identify candidate self-ligands mimicked by 2F5 and 

4E10 epitopes. HEp-2 human cell lysates were incubated with 2F5 or 4E10 and 

immunoprecipitated and 2F5/4E10 antigen complexes were separated by gel 

electrophoresis and analyzed by tandem mass spectrometry (Figure 6). In an 

independent screen, the reactivity of 2F5 and 4E10 was determined by protein arrays 

containing some 9,400 human recombinant proteins (Figure 7). By these methods, 15 

proteins preferentially bound by 2F5 were detected. An ELISA screen under permissive 

(low affinity) binding conditions confirmed 2F5 reactivity to these 15 proteins, but under 

stringent conditions that reduced weak, unspecific protein-protein interactions only 
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KYNU and CMTM3 could be demonstrated as authentic 2F5 ligands (Figure 8). The 

specificity of this binding maps unambiguously to the ELDKWA and DKW motifs in 

KYNU and CMTM3, respectively (Figure 10). Structural analyses of the 2F5 Fab 

complexed with MPER peptides have defined ELDKWA as the 2F5 epitope [184]; 

notably, KYNU is the only known protein that carries the complete ELDKWA 2F5 

epitope and this H4 domain motif is conserved across widely divergent mammalian 

species (Figure 13). A single replacement mutation (ELDKWAELEKWA) within the 

human KYNU H4 domain abrogates 2F5 binding (Figure 10). The 2F5 bnAb binds 

KYNU with high affinity and exquisite specificity (Figure 8 and Figure 9) for a rare 

structural motif that matches exactly the 2F5 MPER epitope (Figure 10 and Figure 13); 

we conclude that the host antigen mimicked by the 2F5 MPER epitope is the H4 domain 

of KYNU, a ubiquitously expressed enzyme of tryptophan metabolism [279]. 

Of the five candidate ligands for the 4E10 bnAb (Figure 6 and Figure 7), only 

SF3B3 was bound by 4E10 in ELISA under stringent binding conditions (Figure 8). In 

contrast to the single linear 2F5 epitope, at least three different antigenic determinants 

through which 4E10 binds the HIV-1 envelope have been proposed [177, 270, 271]. 

However, none of these linear determinants are present in human SF3B3; instead, our 

results indicate that the 4E10 bnAb recognizes this ubiquitously expressed splicing 

factor through novel linear or conformational motifs that can be disrupted by cardiolipin 

but not gp41 (Figure 11). In contrast to the obvious structural mimickry of the 2F5 
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epitope, the 4E10 MPER may mimic host structures more subtly, by imitating 

conformation dependent patterns of surface-accessible hydrophobic regions. 

Although 2F5 weakly interacts with non-protein self-antigens including 

cardiolipin [185, 219], the binding of 4E10 to cardiolipin is significantly more avid 

[Figure 11 and [182]]. The efficient inhibition of 4E10 binding to to human SF3B3 by 

cardiolipin but not HIV-1 gp41 (Figure 11) suggests to us that the major component of 

4E10, but not 2F5, autoreactivity involves the extended, hydrophobic HCDR3 of 4E10 

[182]. The differential capacities of gp41 and cardiolipin to inhibit 2F5 or 4E10 binding to 

KYNU and SF3B3, respectively, suggests that tolerance to the H4 domain of KYNU, 

rather than a more general lipid reactivity, is responsible for the rarity of B cells that 

express 2F5-like antibody. Consistent with this hypothesis, B cell escape-mutants from 

2F5 VDJ-KI mice exhibit no MPER binding but retain substantial lipid reactivity [237, 

238]. We predict that a knock-in of a mutant 2F5 VDJ that exhibits diminished binding to 

lipid but not gp41 [183] will effect a B-cell developmental blockade similar to that of 2F5 

VDJ-KI mice [237, 238]. On the other hand, if the autoreactivity of 4E10 depends on its 

hydrophobic, lipid-interacting HCDR3 [Figure 11 and [182]], we predict that any B cells 

that escape tolerance in 4E10 VDJ-KI mice will be characterized by reductions in both 

lipid reactivity and gp41 binding. 

Many HIV-1 bnAb are considered polyreactive [225], a feature that has been 

proposed to promote HIV-1 neutralization by heteroligation and a consequential 
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increase in apparent affinity for Env epitopes [219]. There has been, however, some 

controversy regarding the polyreactivity of the 2F5 and 4E10 bnAb [272, 273]. Haynes 

first reported that 2F5 and 4E10 bind several autoantigens, including cardiolipin, and 

suggested that their polyreactivity might lead to downregulation by immunological 

tolerance [185, 232]. 2F5 and 4E10 polyreactivity was confirmed and shown to increase 

the apparent affinity [219] and neutralizing capacity [220] of these HIV-1 bnAbs. Here, 

we used human protein arrays and compared binding patterns of 2F5 and 4E10 in a 

pair-wise fashion to the isotype/type matched myeloma protein 151K and therapeutic 

mAb Infliximab, to quantify polyreactivity. Indeed, when compared to both 151K and 

infliximab, 4E10 is broadly polyreactive, binding > 90% of microarray proteins with low 

affinity (Figure 7). Such stickiness is likely a result of hydrophobic interactions, as we 

and others have noted that 4E10 binds phospholipids with much higher affinity than 2F5 

[280]. Significantly, SF3B3 binding by 4E10 is inhibited by cardiolipin-decorated 

liposomes (Figure 11), supporting the notion that 4E10 promiscuity is mediated by its 

hydrophobic HCDR3 [183]. In contrast, among all 9,400 proteins tested, 2F5 reacted only 

with KYNU and CMTM3 under stringent binding conditions (Figure 7A). Such specific 

cross-reactivity is presumably mediated by a shared antigenic epitope. 

In contrast to our results, an earlier analysis of 2F5 and 4E10 binding in protein 

arrays concluded that neither bnAb was polyreactive [272]. This study utilized a small 

(400 protein) array, did not identify specific ligands for 2F5 or 4E10 (KYNU, CMTM3, 
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and SF3B3 were not included), and concluded that none of the tested HIV-1 bnAbs were 

“unusually cross-reactive” because the “cross-reactivity profiles of the different mAbs 

cluster together” [272]. These “cross-reactivity profiles” represented the rank ordered 

binding of each bnAb to each protein ligand. Remarkably, the authors did not 

emphasize the fact that the binding distributions for different bnAbs were made similar 

by changing the order of ligand binding. In fact, the rank order of bnAb binding to each 

antigen differed for each tested mAb [272]; re-ordering the bound ligands made these 

differences difficult to detect and effectively reduced any differences in cross reactivity 

among the tested mAb. Indeed, when our protein array data are re-plotted in the same 

way, the “cross-reactivity profiles” of 4E10, 2F5, 151K, and Infliximab cluster together 

indistinguishably (data not shown). Nonetheless, 4E10 unequivocally exhibits 

heightened crossreactivity for virtually all of the protein ligands in the Invitrogen array 

(Figure 7B) and is substantially more polyreactive than 2F5, 151K, and Infliximab. 

Our results suggest that newly generated B cells bearing 2F5- or 4E10-like 

antigen-receptors that crossreact with host KYNU (and CMTM3) or SF3B3 undergo 

physiologic tolerization by deletion, editing, or inactivation. We put this hypothesis to 

the test by immunizing opossusms. Opossums naturally lack the endogenous KYNU 

and CMTM3 epitope mimicked by the HIV-1 gp41 MPER (Figure 13). In contrast, 

opossusm and human SF3B3 are comparably bound by the 4E10 mAb (data not shown); 

moreover, the strong polyreactivity of 4E10 would also promote tolerization in opossum 
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([77]. We demonstrate that immunization of opossums results in rapid and robust 

antibody responses to the 2F5 gp41 epitope, but not to the adjacent 4E10 determinant 

that’s also present on the immunogen (Figure 14). As a matter of fact, the 2F5-epitope 

titer is equivalent to the gp41 titer; MPER antibody response of immunized opossums is, 

therefore, specifically focused on the 2F5 epitope that is absent from its own KYNU and 

CMTM3, but not generally enhanced anywhere else. 

The substantial binding of KYNU and SF3B3, respectively, by the unmutated, 

RUA forms of the 2F5 and 4E10 bnAbs strongly suggests that newly formed human B 

cells with 2F5- or 4E10-like BCR are subject to immunological tolerance. The 2F5 RUA 

variant 1 represents a VH2-5 gene segment allele that contains an aspartate residue (D54) 

in HCDR2 that forms a salt bridge with the lysine residue (K665) in the 2F5 epitope of 

gp41 [243]. The RUA variant 2 represents the alternative VH2-5 allele with a D54N 

replacement; it is unable to form the salt bridge with gp41. Plasmon resonance studies 

show that these structural differences produce different affinities for the ELDKWA 

epitope, with RUA variant 1 binding with a Kd of 0.11 M and variant 2 with a Kd of 4.8 

M [243]. This 44-fold difference in affinity likely accounts for robust binding of 2F5 

RUA variant 1 to KYNU in ELISA whereas RUA variant 2 binding was undetectable 

(Figure 12). We conclude that similar binding forces control 2F5 binding to both the H4 

domain of human KYNU and to the HIV-1 MPER. It is certainly plausible that the 

immature B cell that gave rise to the 2F5 bnAb recognized endogenous KYNU but 
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fortuitously escaped immunological tolerance. Despite its inability to bind KYNU in 

ELISA (Figure 12), the demonstrated affinity of the 2F5 RUA variant 2 for the ELDKWA 

epitope [243] falls within the range of central tolerization in mice [281], and is likely 

susceptible to tolerization by the identical epitope on KYNU. Alternatively, this 

tolerization might occur later in the periphery, and perhaps even during the germinal 

center reaction [282-284]. The generation of 2F5 RUA KI mice will address this issue. 

2F5 RUA variant 1 binds KYNU better than HIV-1 gp140 (data not shown), 

suggesting that naïve B cells bearing 2F5-like RUA 1 BCR may not constitute a 

significant component of early humoral responses to HIV-1 Env after infection or 

immunization. The later appearance of MPER bnAb in infected patients may be the 

result of the relaxation of tolerance by chronic infection/inflammation [285]. 

Alternatively, late appearing bnAb may arise from non-autoreactive B cells that acquire 

V(D)J mutations in response to environmental antigens [286] and acquire autoreactivity 

[229, 287] that predisposes for responses to MPER epitopes that mimic self-antigens 

[225]. The high frequencies of V(D)J mutations that characterize many bnAb are 

consistent with these possibilities.  

Despite great ingenuity and effort, most attempts to elicit MPER antibody by 

vaccination have either failed or generated only low quantities of serum antibody [200-

202]. Intense immunization regimens with MPER antigens containing the 2F5 epitope 

can induce in mice and non-human primates serum antibody responses directed to the 
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DKW core of the 2F5 epitope, but these are only minor components of the elicited 

antibody [203, 207, 288]. Analyses of KI mice [237, 238] and our demonstration of 

discrete autoantigens bound by the 2F5 and 4E10 bnAb suggest immunological tolerance 

as a major roadblock in the generation of vaccines that elicit MPER bnAb. An obvious 

test of our hypothesis is the immunization of animals that lack these tolerizing ligands 

with standard MPER vaccines. Fortuitously, KYNU and CMTM3 in the laboratory 

opossum lack the 2F5 epitopes present in most mamalian species whereas opossum 

SG3B3 maintains 4E10 reactivity. The absence of endogenous 2F5 epitopes resulted in 

unprecedented serum antibody responses to the 2F5 epitope of HIV-1 MPER, but not the 

nearby 4E10 determinant also present in the immunogen. We conclude that 2F5 bnAb 

production in humans and most other mammalian species is limited by the ELDKWA 

sequence of endogenous KYNU, and/or DKW of CMTM3. We hypothesize that KYNU is 

the major tolerizing self-antigen since it binds 2F5 with higher affinity (Figure 9), and are 

currently generating KI mice bearing a D92E mutation in KYNU to extend our studies of 

the role of KYNU-induced tolerance in the induction of 2F5-like bnAb. 

Even though MPER immunization elicited high titers of serum antibody specific 

for the 2F5 epitope, opossum immune sera did not neutralize HIV in vitro. It has been 

shown that both peptide epitope and lipid reactivity are essential for 2F5 to neutralize 

HIV [183, 289, 290] and we suspect that while opossums are permissive for the 
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generation of ELDKWA-reactive Ab, our immunization scheme did not select for the 

long and hydrophobic 2F5 HCDR3 that is crucial for virus neutralization [183, 184]. 

The robust 2F5-like antibody responses of immunized opossums suggests the 

possibility of human KYNU polymorphisms that abolish this endogenous 2F5 epitope. 

Such natural variants could contribute to the probability of 2F5-like bnAb in HIV-1 

patients. This hypothesis remains to be tested, as the patient from whom 2F5 was 

originally isolated is unidentifiable [291]. Perhaps more usefully, we can imagine HIV-1 

vaccination strategies based upon the selection of naïve B cells that do not react with self 

or conserved MPER neutralizing epitopes, but can acquire these reactivities by V(D)J 

hypermutation [225]. Our identification of HIV-1 mimicry of conserved host-antigens 

may prove useful in selecting HIV-1 vaccine antigens that minimize the induction of 

autoreactivity while compeling responses to HIV-1 neutralizing epitopes [225]..
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4. Light Chain Editing and Anergy in the development of 
2F5 and 4E10 

In Chapter 3, I discovered that the 2F5 and 4E10 epitopes of HIV-1 mimic human 

KYNU and SF3B3, respectively. This suggests that the development of B cells expressing 

the 2F5 and 4E10 BCR is suppressed by immunological tolerance. In this chapter, I 

sought to understand the mechanisms of tolerance control by comparing the pre-

tolerance and post-tolerance B cell repertoire from dKI mice expressing the HC and LC 

of 2F5 or 4E10. This comparison is enabled by a single-B cell in vitro culture system 

developed by Takuya Nojima, a former post-doctoral fellow in the lab. The work 

presented in this chapter is being revised for submission. 

4.1 Introduction 

A key objective in the development of an effective HIV-1 vaccine is to induce 

broadly neutralizing antibodies (bnAbs) that neutralize multiple HIV-1 strains. The 

error-prone nature of HIV-1 RNA polymerase has generated extraordinary viral 

diversity [292]; consequently, most antibodies (Ab) induced by natural infection or 

immunization are either non-neutralizing or strain-specific and select for escape mutants 

[293]. bnAbs, in contrast, recognize conserved epitopes on the HIV-1 envelope 

glycoprotein (Env), exhibit considerable breadth, and neutralize across viral isolates and 

clades [157]. High bnAb titers, however, only arise in a minority of infected patients 
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after year of infection [260, 261] and to date, no vaccine routinely elicits bnAbs in mice or 

men [157]. 

A multitude of immune evasion mechanisms have been proposed to explain the 

dearth of HIV-1 bnAbs, including rapid escape mutations of HIV-1 Env, extensive 

carbohydrate masking and structural flexibility of vulnerable bnAb epitopes, 

competition by immunodominant, non-neutralizing epitopes, and scarcity of Env spikes, 

which discourages bivalent antibody cross-linking and neutralization [reviewed in [139, 

293]]. We recently demonstrated that immunological tolerance is another major 

roadblock to bnAb production [185]. Indeed, conserved neutralizing HIV-1 epitopes 

mimic host antigens, thereby avoiding protective host immunity [245, 294]. Such evasion 

is due to the depletion of responder B cells that are most fit for protection during 

immunological tolerance by mimicked autoantigens [245, 295]. 

Compared to non-neutralizing antibodies (nnAb) isolated from chronically 

infected patients, HIV-1 bnAbs are markedly more polyreactive and autoreactive, 

features that are effectively tolerized during B cell development [52, 104]. 2F5 and 4E10, 

two bnAbs specific for the membrane proximal external region (MPER), a conserved and 

functionally important structure of gp41 [180], are autoreactive and recognize human 

kynureninase (KYNU) and RNA splice factor 3B subunit 3 (SF3B3), respectively [185, 

245]. Mimicry of KYNU and SF3B3 by 2F5 and 4E10 bnAb epitopes is consistent with the 

severe B cell developmental blockade in mice expressing the 2F5 or 4E10 VHDJH and VLJL 
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rearrangements (hereafter called 2F5 dKI or 4E10 dKI mice) [237-240]. The arrested B-cell 

development suggests autoreactivity that is physiologically relevant [48-51], and we 

reason that the immune tolerance control would purge the B cell repertoire of B cells 

expressing 2F5- and 4E10-like B cell receptors (BCR). This is indeed the case: the MPER 

peptide containing 2F5 and 4E10 epitopes is poorly immunogenic [245, 295]. 

Furthermore, significantly elevated humoral responses to MPER is induced in opossums 

naturally lacking the cross-reactive 2F5:KYNU epitope [245], as well as in mice 

reconstituted with B cells that derived from in vitro cultures permissive for development 

of autoreactive B cells [295]. To summarize, the 2F5 and 4E10 bnAbs production is 

proscribed by immune tolerance. 

The mechanisms by which B cells expressing the 2F5 and 4E10 bnAbs are 

controlled by immunological tolerance, however, are not understood. The random 

nature of V(D)J recombination is essential to generate a hugely diverse B cell repertoire, 

but also produces significant autoreactivity of early B cell precursors [77]. During B cell 

development, autoreactivity is largely purged, altered, or silenced by immunological 

tolerance. These processes were initially identified in transgenic mice expressing 

autoreactive BCR, which defined tolerizing deletion at the immature stage [49-51], 

receptor editing that modifies BCR reactivity [69, 70], and anergy that retains self-

reactivity but renders B cells unresponsive in the periphery [57, 81]. The effects of 

immune tolerance in human were recently demonstrated by direct sampling and 
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comparison of the B cell repertoire from each developmental stage, via generation of 

recombinant antibody (rAb) from sorted single B cells [77, 229]. These studies revealed a 

step-wise loss of autoreactivity as B cell become increasingly mature, but necessitate 

construction of a large pool of rAb. 

Here, to compare the reactivity and repertoire of 2F5- and 4E10 dKI B cells before 

and after immune tolerance, we use a newly developed in vitro single B cell culture 

system [258] that induces B cell expansion and differentiation into Ab-secreting 

plasmacytes. The reactivities of sorted single B cells are readily reflected by the secreted 

Ab; V(D)J rearrangements can also be recovered from each B-cell clone [259]. We find 

that in 2F5 dKI mice, the small pre-B cells before tolerance checkpoints all express the 

knock-in heavy chain (HC) and light chain (LC), and exhibit HIV-1 gp41- and KYNU-

reactivity. However, the surviving post-tolerance mature B cell compartment has 

undergone extensive LC editing and is completely purged of gp41- and KYNU-

reactivity. Remarkably, peripheral IgM-IgDhiB220+ B cells (anergic) are enriched for HIV-

1 and self-reactivity, suggesting a potential target for activation by HIV-1 vaccines. 

4.2 Results 

4.2.1 Central and peripheral tolerance in 2F5 and 4E10 dKI mice 

To investigate the role of immunological tolerance on 2F5 and 4E10 bnAbs, we 

used homozygous knock-in mice expressing the somatically mutated VHDJH and VLJL 

rearrangements of 2F5 and 4E10 [238, 239]. The HC and LC of 2F5 and 4E10 were 
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targeted to replace the murine JH1-4 and J1-3 segments, respectively, in order to mimic 

the expected location of their primary rearrangements. B cells from these animals are 

permissive for class-switch recombination, somatic hypermutation, and receptor editing 

[237-239]. 

As previously reported, both 2F5 dKI and 4E10 dKI mice exhibit profound B-cell 

developmental arrest in the bone marrow and spleen. Compared to the C56BL/6 control 

with 14.2% bone marrow transitional B cells, 2F5 and 4E10 dKI both contain only ≈ 

0.25% transitional B cells (Figure 15A), suggesting severe regulation by the central 

tolerance checkpoint. In the spleen, B cell numbers are also markedly reduced, with very 

few transitional B cells (CD93+IgMhi). Anergic phenotype B cells (IgM-IgD+) are reduced 

in 2F5 dKI mice, but unchanged in the 4E10 dKI mice (Figure 15B).  
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Figure 15: Flow cytometric comparison of B-cell development in 2F5, 4E10 dKI mice. 

(A) FACS dot plot representation of BM B cell development, with numbers indicating 

percentage within pregated single, live, lymphocyte (first column), and R1: CD93+ B cells 

(second column). (B) Representative flow cytometry analysis of single live splenic 

lymphocytes, CD93+ B cells, and total B cells. The IgM-IgD+ gate in R3 includes anergic 

phenotype B cells.  



 

117 

4.2.2 Complete rescue of 2F5 and 4E10 dKI B-cell development in 
vitro 

To induce expansion and differentiation of sorted single B cells, we used a 

recently optimized stromal cell line (NB21.2D9) expressing murine CD154, BAFF, and 

IL-21 (data not shown). The in vitro culture unbiasedly supports growth and IgG 

secretion of single pre-B cells, transitional B cells, mature B cells, and anergic (B220+IgM-

IgDhi) B cells (data not shown). Absent in vivo tolerance control, autoreactive precursor B 

cells that are destined to undergo apoptosis in vivo proliferate extensively in vitro and 

bypass tolerance control (data not shown). To examine the B cell repertoire before and 

after tolerance checkpoints in 2F5 dKI, 4E10 dKI, and C56BL/6 mice, we sorted single 

bone marrow (BM) small pre-B and splenic mature follicular (MF) B cells onto NB21.2D9 

feeder layers for expansion in the presence of progressively decreasing concentrations of 

exogenous IL-4 (Materials and Methods). 

Despite a severe developmental arrest in vivo, 2F5 dKI and 4E10 dKI small pre-B 

cells underwent logarithmic proliferation in vitro (≥ 10 divisions) and reached a 

population plateau with ≥10,000 fold expansion (Figure 16A, B). Such expansion is 

comparable to that seen in C57BL/6 small pre-B cells (Figure 16A, B), suggesting the 

complete removal of tolerance. After 9 days of culture, a majority of the B cells class-

switched to the IgG1 isotype (50-80%), and differentiated into CD138+ plasma-blasts/-

cytes (25-50%) (Figure 16C). Considerable and comparable amounts of IgG were 

produced by the differentiated B cells, with culture supernatant concentrations 
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averaging 4.8 µg/ml, 1.4 µg/ml, and 5.0 µg/ml for C57BL/6, 2F5 dKI, and 4E10 dKI small 

pre-B cells, respectively (Figure 16D). 

Sorted MF B cells divided and differentiated to similar extents as small pre-B 

cells (data not shown), producing IgG averaging 8.7 µg/ml, 4.9 µg/ml, and 8.4 µg/ml for 

C57BL/6, 2F5 dKI, and 4E10 dKI MF B cells, respectively. The secreted IgG in culture 

supernatants was harvested after 9 days of culture and assessed for reactivity in ELISA. 

B cells were stored at -80ºC for V(D)J analysis. 

4.2.3 Distinct regulations by MPER and cardiolipin during 2F5 and 
4E10 B cell development 

We next sought to examine reactivity of B cells before and after immune 

tolerance. In addition to binding human proteins KYNU and SF3B3, both 2F5 and 4E10 

interact with anionic phospholipid cardiolipin (CL), though the 4E10:CL binding is 

significantly more avid [182, 185, 245]. To determine whether the immunological 

tolerance and B-cell developmental blockade seen in 2F5 dKI and 4E10 dKI mice is 

mediated by self-proteins or non-protein self-antigens such as CL, we measured binding 

to CL, MPER, and KYNU by single small pre-B and MF B cells from C57BL/6, 2F5 dKI, 

and 4E10 dKI mice. Single small pre-B cells represent reactivities before tolerance 

checkpoints, while MF B cells represent remaining binding that survived immune 

tolerance.   
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Figure 16: In vitro culture efficiently rescues B-cell proliferation, differentiation, and 

IgG secretion.  
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(Figure 16, continued) Small pre-B cells (B220loCD93+IgM-IgD-CD43-FSClo) were sorted 

from BM of 2F5 dKI, 4E10 dKI, and C56BL/6 (B6) mice onto NB21.2D9 feeder cells for 9 

days of in vitro culture (Materials and Methods). (A) Summary of fold-expansion for 

bulk culture: each 10 cm petri dish contains 5,000 sorted B cells, and live B cells were 

enumerated by trypan blue exclusion, as well as size differentiation from feeder cells. (B) 

Number of B cells at day 9 from single B cell culture. Live B cells were enumerated in 

FACS using CD19 and PI staining as a ratio to counting beads. (C) Representative FACS 

profiles of surface IgG1, IgE, CD138, and CD43 of pre-gated CD19+ B cells on day 9 of in 

vitro culture. Numbers represent percentages of CD138+ plasma-cytes/-blasts (top panel), 

or surface IgG1+ versus IgE+ cells (bottom panel). (D) Representative secreted IgG 

concentrations in supernatants of single small pre-B cell culture collected after 9 days of 

culture. Each symbol represents an individual well of single B cell culture (N = 161-232). 

IgG concentrations were determined by ELISA using murine 2F5 as a standard 

(Materials and Methods). All data are representative of at least 3 independent 

experiments. MF B cells from 2F5 dKI, 4E10 dKI, and C56BL/6 mice follow similar 

kinetics of expansion and differentiation in vitro (data not shown).  
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As expected, none of the examined C57BL/6 B cells exhibited reactivity to either 

CL or MPER, with the exception of one small pre-B clone that bound CL (likely 

indicative of enriched autoreactivity in early B cell precursors [77]) (Figure 17A). We 

hypothesize that the small pre-B compartment prior to any tolerance counterselection 

exhibits the reactivity of the 2F5 antibody in 2F5 dKI mice. This is indeed the case, and 

100% of small pre-B cells from 2F5 dKI avidly bound both CL and MPER (Figure 17A). 

In contrast, MPER binding was completely abrogated among the post-tolerance MF B 

cells of 2F5 dKI mice (Figure 17A). In contrast, reactivity to CL was mostly retained 

(~96%) in 2F5 dKI MF B cells (Figure 17A). The extended hydrophobic HCDR3 of 2F5 is 

thought to mediate interaction with phospholipids, but is non-essential for MPER 

peptide binding [182]. Therefore, our observations suggest that tolerance to the 2F5 

bnAb is not mediated by its lipid-binding HCDR3, but rather, MPER-reactivity.  

Similarly, most 4E10 dKI small pre-B cells exhibit reactivity of the 4E10 bnAb and 

recognize both CL and MPER (98%) (Figure 17A). Unlike the 2F5 MF B cells, however, a 

significant proportion of 4E10 dKI MF B cells lost CL binding (66%), suggesting the lipid 

reactivity of 4E10 is physiologically relevant and induces tolerance suppression of the 

4E10 bnAb. Though reduced, the ability to bind MPER is retained in the majority of 4E10 

dKI MF B cells (Figure 17A).  
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Figure 17: Tolerance of 2F5 is controlled by KYNU-, but not CL-binding; 4E10 

tolerance is regulated by both CL and protein reactivity. 
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(Figure 17, continued) Representative binding profiles of supernatants harvested from 

single small pre-B and MF B cells of C57BL/6 (B6), 2F5 dKI, and 4E10 dKI mice as 

determined in ELISA (Materials and Methods). Each symbol denotes a separate single B 

cell culture (N =161 -232). (A) Binding to CL (left panel) and MPER (right panel) by 

culture supernatants of single B cells before (small pre-B, sPreB) and after (MF) tolerance 

checkpoints from B6 (top panel), 2F5 dKI (middle panel), and 4E10 dKI (bottom panel) 

mice. Y-axis designates OD value in ELISA. Dashed lines are cut-off threshold for 

positive binding, and are numerically defined as mean plus six standard deviations of 

negative control (Materials and Methods). (B) 2F5 dKI sPreB and MF reactivities to 

MPER were graphed against CL binding (top panel) or KYNU binding (bottom panel). 

Axis values are OD measurements in MPER (x-axis), CL binding (y-axis, top panel), or 

KYNU (y-axis, bottom panel) ELISAs. Lines represent cut-off values for positive binding 

(Materials and Methods). Numbers represent percentages of single cultures within each 

quadrant of respective binding pattern. (C) 4E10 dKI sPreB and MF reactivities to MPER 

(x-axis) were graphed against CL binding (y-axis). All data are representative of at least 

3 independent experiments. 
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As the HIV-1 peptide MPER is not naturally present in mice, we hypothesize that 

the remarkable loss of MPER reactivity in 2F5 dKI MF (Figure 17A) is mediated by self-

protein KYNU, which contains the 2F5 epitope that is identically shared on MPER [245]. 

Consistent with our hypothesis, MPER binding (or lack thereof) by 2F5 dKI B cells 

correlated perfectly with KYNU reactivity (Figure 17B). All small pre-B cells from 2F5 

dKI mice exhibited binding to CL, KYNU, and MPER; the MF B cells, instead, entirely 

lost reactivity to KYNU and MPER, while retaining largely the ability to interact with 

CL. We conclude that tolerance to the 2F5 bnAb is mediated by specific reactivity to self-

protein KYNU, not general lipophilic interactions with CL. 

While our results disassociates 2F5 binding to KYNU and CL [Figure 17B and 

[245]], autoreactivity of 4E10 depends on its HCDR3 and is inhibited by phospholipids 

[245]. Interestingly, 4E10 dKI MF B cells displayed a concurrent loss of MPER- and CL-

binding (Figure 17C). 

4.2.4 Receptor editing 

4.2.4.1 HC editing by 4E10 dKI B Cells 

B cell specificities are encoded by the V(D)J recombination. We next sought to 

examine the V(D)J usage that accompanies the modified binding by MF B cells. Previous 

studies of transgenic mice bearing autoreactive BCR have identified several mechanisms 

that alter BCR specificities, including transgene deletion [296, 297], HC replacement 

[109], and LC replacement [69, 70]. In order for an HC replacement to occur, the 
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preexisting VHDJH must be downstream of VH segments that are available for secondary 

rearrangements [109]. In addition, the 3’ end of rearranged VH must carry a cryptic 

recombination signal sequence (cRSS) consisted of a conserved heptamer (consensus 

CACAGTG) and a conserved nonamer (consensus ACAAAAACC) separated by a less 

conserved 12-bp spacer (12-RS) [109, 298]. This is because canonically VH and JH are 

flanked by 23-RS, while D segments are flanked by 12-RS. Fruitful VH→DJH 

rearrangements delete all unused D segments, thereby removing 12-RS and precluding 

subsequent rearrangements that that must accommodate the 12/23 rule [299]. 

Theoretically, both 2F5 and 4E10 HC KIs permit HC replacement. 

Rearrangements of 2F5 and 4E10 were knocked-in to replace murine JH1-4 [237, 239], so 

rearranged VHDJH are downstream of murine VH segments. In addition, the 3’ end of 

both 2F5 and 4E10 VH segments contain cRSS with 12-RS (Figure 18A). The 2F5 and 4E10 

cRSS both contain the highly conserved 5’-CAC in the heptamer, and are comparable to 

the 3H9 cRSS which is known to be capable of mediating HC editing (Figure 18A) [109]. 

Knowing that both 2F5 and 4E10 HC have the potential to undergo VH replacement, we 

next sequenced the VDJ recombination of selected 2F5/4E10 dKI B cell clones using RT-

PCR with Ig-specific primers (Materials and Methods), in order to understand whether 

HC replacement occurs in the post-tolerance MF compartment that drastically modified 

B cell reactivity (Figure 17).  
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Figure 18: 4E10 dKI small pre-B cell undergoes HC editing. 

Selected small pre-B and MF B cells from 2F5 dKI and 4E10 dKI mice were analyzed for 

VDJ sequences (Materials and Methods). (A) Comparison of cRSS in the VH 3’ end of 2F5 

and 4E10 with those in the anti-DNA Ab 3H9 known to undergo HC replacement [109], 

and 5’-D that mediates V→DJ rearrangements [299]. The highly conserved CAC in the 

heptamer (3’ GTG) is underlined. (B) Pie charts show proportions of sequenced single B 

cell clones expressing the KI 2F5 VDJ (left panel), KI 4E10 VDJ (right panel), or 

endogenous murine VH. Absolute numbers of sequences analyzed in each B cell 

compartment are given inside the pie charts. (C) Schematic representation of 

recombination at the targeted 4E10 VDJ. V, D, J, and Cµ gene segments are shown as 

boxes. The 12 bp spacer heptamer-nonamer signals (12-RS) are indicated by open 

triangles, and the 23-RS as closed triangles. The heptamer signal embedded at the 3’ end 

of 4E10 VH gene (cRSS) is shown as a shaded triangle. 
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Since the CL reactivity is intact among 2F5 dKI B cells (Figure 17), we 

hypothesize that the 2F5 KI HC is retained both before and after tolerance checkpoints, 

as lipid binding by 2F5 is thought to be attributable to hydrophobic residues of its 

HCDR3 [182]. This is indeed the case. Both small pre-B and MF B cells from the 2F5 dKI 

mice expressed the knock-in 2F5 VHDJH with no HC replacement or mutations (Figure 

18B). 

We next analyzed the HC usage of 4E10 dKI mice, and observed HC editing in a 

single small pre-B clone that lost reactivity to both CL and MPER (Figure 18B). This 

clone retained the 3’ end of the 4E10 KI JH, while the murine VH5-12 replaces the entire 

4E10 KI VH (Figure 18C). Interestingly, analysis of the junctional sequences revealed 

nontemplate-derived nucleotide addition (N-addition) and nucleotide deletion (Figure 

18C). This indicates that the HC replacement took place during pro-B cell stage, as B cell 

expression of the TdT enzyme responsible for N-nucleotide addition is restricted to pro-

B stage [300]. Indeed, abundant VH replacements are recovered from µMT mice [301] in 

which B cells cannot develop beyond the pro-B stage [302]. 

4.2.4.2 LC editing in 2F5/4E10 dKI mice 

Unlike the HC, rearranged VLJL are normally flanked by unrearranged V and J 

segments that readily act as substrates for secondary recombination, allowing for LC 

editing. Just like the HC knock-in, the 2F5 and 4E10 LC are knocked-in to the correct 

genetic context, replacing murine J1-3 [238, 239]. Therefore both mice are permissive for 
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LC editing rearrangements. We then examined the LC usage of 2F5/4E10 dKI B cells 

before and after tolerance checkpoints, by using RT-PCR with primers for both the 

knock-in 2F5/4E10 leader sequence and murine /λ. 

All 2F5 dKI small pre-B cells bound KYNU, MPER, and CL (Figure 17). It is 

therefore unsurprising that 100% of tested small pre-B cells from 2F5 dKI mice express 

the KI 2F5 LC Figure 19A), since the Ab-combining site is formed by both H and L 

chains. The 2F5 dKI MF B cells, in contrast, completely lost binding to KYNU and MPER 

(Figure 17B), and have all undergone LC replacement to express endogenous 

rearrangements (Figure 19A). In accordance with the genetic location of KI 2F5 LC 

upstream of murine J4-5, we only observed usage of J4 or J5 segments in the 

rearranged LC (data not shown). 

Because mice bearing single KI of 2F5 HC exhibit noticeable B cell developmental 

blockade [237] (albeit less severe than the 2F5 dKI mice), we reason that the 2F5 HC 

must sustain significant autoreactivity when paired with a majority of the endogenous 

murine /λ LC. Therefore, we hypothesize that the post-tolerance MF compartment of 

2F5 dKI mice utilizes restricted endogenous LC that vetoes KYNU binding (Figure 17) 

by the retained 2F5 KI HC (Figure 18B). Indeed, 37.5% (6/16) of sampled 2F5 dKI MF B 

cells express murine V8 (Figure 19A), a much higher percentage than in randomly 

selected C57BL/6 MF B cells (6.6%, 4/61) (data not shown). The overrepresentation of 
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certain LC, called editor LC, is known to modify DNA binding in both mice and men 

[73, 303]; we conclude that murine V8 is an editor LC for the 2F5 HC. 

The 4E10 dKI LC follows a similar trend (Figure 19B), and is used in almost 70% 

of small pre-B but none of MF B cells. Only murine J4 and J5 were recovered in 

secondary LC (data not shown), and the V3 is enriched in the post-tolerance MF B cell 

stage (33%, 6/18, compared to C57BL/6, 9.8%, 6/61, data not shown) (Figure 19B). 

However, contrary to 2F5 dKI small pre-B cells that express 100% KI LC, ≈ 30% 4E10 dKI 

small pre-B cells have already undergone LC editing, perhaps indicative of expedited 

development in the KI mice. Interestingly, the one small pre-B clone that underwent HC 

editing retained KI 4E10 LC expression, suggesting that 4E10 LC is no longer 

autoreactive when paired with the murine VH5-12. This is consistent with the normal B 

cell development in mice expressing only the 4E10 LC [239].  
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Figure 19: LC editing as a mechanism of tolerance in 2F5/4E10 dKI MF compartment. 

Selected small pre-B and MF B cells from 2F5 dKI and 4E10 dKI mice were analyzed for 

LC usage (Materials and Methods). Pie charts show proportions of sequenced single B 

cells expressing the KI 2F5 VJ (open) (A), KI 4E10 VJ (open) (B), and endogenous murine 

V families (shaded). No mutations were observed, except those introduced by 

degenerate primers (not shown). Only murine J4 and J5 are used in endogenous LC 

(not shown). (C) The 18 4E10 dKI MF clones shown in (B) were divided into three 

groups based on MPER- and CL-reactivity. Murine V usages are shown in pie charts, 

with the most dominant V in each group un-shaded. Absolute numbers of sequences 

analyzed in each B cell compartment are given inside the pie charts. 
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Although all of 4E10 dKI B cells have undergone LC editing and express an 

endogenous murine LC (Figure 19B), a significant fraction of them still retain binding to 

MPER (~66%) (Figure 18C). We therefore divided 4E10 dKI MF B cells into three groups 

based on their differential reactivities to MPER and CL, and examined the correlation 

between binding and specific LC usage (Figure 19C). Indeed, each subset of 4E10 dKI 

MF B cells exhibited notable preferences in the usage of LC. B cells that lost reactivity to 

both MPER and CL are enriched for V3-4 (63%, 5/8), B cells that bind MPER but not CL 

preferably use V14-111 (33%, 2/6), and V1-135 is overrepresented in B cells that 

sustained binding to both MPER and CL (75%, 3/4) (Figure 19C). In contrast, all three 

LCs (V3-4, V14-111, and V1-135) were absent in a pool of randomly selected C57BL/6 

MF B cells (n=61, data not shown). To rule out biased sampling and cloning artifacts, all 

B cells using the same V gene segment were aligned and no two CDR3s were identical in 

nucleotide sequence, suggesting that the overuse of certain LCs is not the result of PCR 

contamination (data not shown). We conclude that each of the 4E10 editor LC confers 

specific reactivity profile when paired with the 4E10 HC. 

4.2.5 Retained autoreactivity in peripheral anergic B cells 

The 2F5 dKI MF B cells illustrate highly effective immune tolerance at work: 

100% of examined B cells have undergone LC editing (Figure 19A) and completely lost 

reactivity to self-protein KYNU (Figure 18B) and MPER (Figure 18A). The 2F5 dKI 

mouse is therefore an ideal model to survey residual autoreactivity preserved in the 
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periphery. Anergic B cells have been shown in mice and men to retain self-reactivity, but 

are hyporesponsive to antigen stimulation [57, 82, 91, 92]. Mouse splenic anergic B cells 

are characterized by reduced surface IgM, but high levels of IgD expression [57, 82]. We 

therefore sorted single IgM-IgD+, T1, and T2 B cells from spleens of 2F5 dKI mice, and 

compared their reactivity to that of BM small pre-B cells (pre-tolerance) and splenic MF 

B cells (post-tolerance). 

Despite their hyporesponsiveness to antigen stimulation in vitro and in vivo [57, 

82], IgM-IgD+ B cells proliferated and differentiated in the NB21.2D9 culture similarly as 

mature naive B cells (data not shown). We next examined autoreactivity by measuring 

the ability of single B cell culture supernatant to bind KYNU (Figure 20). Autoreactivity 

is completely lost in T1 and T2 B cells, indicating that KYNU reactivity is efficiently 

removed by central tolerance (between small pre-B and immature stages). This is 

consistent with the significantly reduced number of BM immature B cells in 2F5 dKI 

mice ([238] and Figure 15). Remarkably, autoreactivity is persistent in a subset of IgM-

IgD+ B cells (13.8%) (Figure 20). As expected, binding to KYNU correlates perfectly with 

MPER (Figure 20), suggesting a shared structural epitope mediates antibody recognition 

to both KYNU and MPER [245]. To exclude the possibility of contamination from 

another autoreactive compartment during the experiment, we double-sorted each 

population and autoreactivity as assessed by KYNU binding is still retained in the 

double-sorted IgM-IgD+ B cells (data not shown). We conclude that autoreactivity and 
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MPER-reactivity are preserved in the periphery of 2F5 dKI mice and propose that these 

anergic B cells constitute a potential target for HIV-1 vaccine activation. 

 

Figure 20: Autoreactivity is preserved in the peripheral IgM-IgD+ B cells. 

Single B cells were sorted from 2F5 dKI small pre-B (sPreB), splenic T1, T2, MF, and IgM-

IgD+ B cells for in vitro culture (Materials and Methods). Supernatant reactivity to KYNU 

(x-axis) and MPER (y-axis) determined by ELISA OD values are graphed. Each symbol 

represents an individual B cell clone. Absolute numbers of clones analyzed in each B cell 

compartment are given below the charts. Lines denote cut-off for positive binding and 

were defined as 6 standard deviations above the mean of negative control OD (Materials 

and Methods).This experiment was repeated on more than three independent occasions. 

In addition, all populations were double sorted to exclude the possibility of 

contamination and achieved similar results (data not shown). 
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4.2.6 HC and LC of anergic B cells 

The residual KYNU- and MPER-reactivity among the 2F5 dKI IgM-IgD+ B cells 

suggests expression of the 2F5 LC [184]. We therefore cloned and sequenced the V(D)J of 

selected 2F5 dKI IgM-IgD+ B cell clones (Figure 21). Similar to small pre-B and MF B 

cells, all IgM-IgD+ B cells express the KI HC (data not shown). As expected, all cells that 

retained KYNU and MPER binding express the KI LC (Figure 21A). 

When we examined the 85% of sorted single 2F5 dKI IgM-IgD+ B cells that lost 

binding to KYNU and MPER (Figure 20), we discovered that they all have undergone 

LC editing and express endogenous murine LC. This observation is consistent with prior 

findings that the 2F5 combining site for MPER and KYNU comprises of both HC and LC 

[184]. However, the preferential use of endogenous LC by IgM-IgD+ B cells was distinct 

from that of MF B cells, which also lost binding to KYNU and MPER (Figure 17B) (Chi-

square test, p=0.003). Indeed, the most abundant V8 among 2F5 MF B cells (37.5%, 6/16, 

Figure 19A) is the least abundant among IgM-IgD+ B cells (7.7%, 1/13, Figure 21B). 

Conversely, the most represented V19 among IgM-IgD+ B cells (38.5%, 5/13, Figure 21B) 

is one of the least used (12.5%, 2/16, Figure 19A) by MF B cells. 
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Figure 21: Autoreactive 2F5 dKI B cells in the periphery retain KI LC usage. 

Selected clones of splenic IgM-IgD+ B-cell compartment from 2F5 dKI mice were 

analyzed for HC and LC usage. (A) Sequenced IgM-IgD+ clones were divided into two 

groups based on ELISA binding: KYNU+MPER+ (left), and KYNU-MPER- (right). All 

analyzed B cells express the KI 2F5 HC (data not shown). Pie charts show proportions of 

sequenced single B cell clones expressing the KI 2F5 VJ (open) or endogenous murine V 

(shaded). The more represented murine V is denoted in a lighter shade. Absolute 

numbers of sequences analyzed in each group are given inside the pie charts. (B) 

Frequencies of each murine V family are shown among MF (Figure 19A) and IgM-IgD+ 

B cells (Figure 21A) that do not exhibit KYNU reactivity. 
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Because murine V19-93 is highly enriched among 2F5 IgM-IgD+ B cells (38.5%, 

5/13, Figure 21B) compared to randomly selected C57BL/6 MF B cells (3.3%, 2/61, data 

not shown), we propose that V19-93 in combination with the 2F5 KI HC abrogates 

KYNU reactivity and allows the B cell to survive central tolerance, but generates binding 

to a distinct self-antigen, thereby causing the “anergic” surface phenotype. Conversely, 

we hypothesize that V8 is the most effective editor LC to quench the autoreactivity of 

2F5 HC, and is therefore enriched in the mature compartment. 

To test this hypothesis, we expressed a rAb using the V19-93 LC that is 

preferentially used by 2F5 dKI IgM-IgD+ B cells (Figure 21) in combination with the 2F5 

HC (GY38), and studied its autoreactivity in a protein microarray containing > 9,000 

human proteins [245] (Figure 22). 2F5 dKI MF B cells are not expected to be autoreactive, 

and we expressed the most abundant Vκ8 from MF B cells paired with the 2F5 HC as a 

negative control for autoreactivity (GY162). When tested in ELISA, both rAbs exhibited 

identical KYNU, MPER, and CL binding patterns as the culture supernatant from 

corresponding B cells (data not shown). Although neither rAb exhibited significant 

polyreactivity or autoreactivity, the anergic GY38 showed weak affinity for autoantigens 

that are < 500 fold stronger than the 151K control, suggesting anergic B cells may possess 

weak autoreactivity that precludes entry into the mature native compartment.  
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Figure 22: Autoreactivity of 2F5 dKI IgM-IgD+ B cells that lost KYNU binding. 

(A) 2F5 dKI anergic (IgM-IgD+) B cells reactivity to polystyrene beads covalently 

conjugated to KYNU (y-axis) and gp41 (x-axis) were assessed in Luminex (Materials and 

Methods). Axes values are MFI of antibody binding. Dashed lines are cut-off thresholds 

for positive binding, as determined by six standard deviations over the mean of negative 

controls. Red color indicates clones that do not bind KYNU in ELISA, but are positive in 

Luminex. (B) One clone that does not bind KYNU in Figure 22A (GY38) was expressed 

as a recombinant antibody in a human IgG1 backbone. A MF clone (GY162) was 

expressed as a control. Both rAbs were measured for autoreactivity against 151K isotype 

control in protein microarray. Diagonal indicate equal binding by rAb and 151K control. 

Dashed line is 500-fold difference that defines strong autoreactivity. Ellipses highlight 

presence (GY38) and absence (GY162) of lower affinity autoreactivity.  
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5. Polyreactivity and autoreactivity among HIV-1 
Antibodies 

In Chapters 3 and 4, I showed that the MPER bnAbs 2F5 and 4E10 are subject to 

immunological tolerance control because of their autoreactivity and polyreactivity, 

respectively. However, it is not known whether other classes of bnAbs are polyreactive 

or autoreactive. Here, we use protein microarrays to assess poly- and autoreactivity of 

bnAbs and contrast them to nnAbs, in order to determine whether polyreactivity and 

autoreactivity are a result of the infection milieu, including chronic inflammation, 

antigen exposure, and CD4 T-cell depletion. This study was conducted in equal 

contribution with Mengfei Liu. The following text was modified from its original 

publication, “Polyreactivity and Autoreactivity among HIV-1 Antibodies,” published in 

Volume 89 of the Journal of Virology (2015) [294]. 

5.1 Introduction 

A major obstacle in HIV-1 vaccine research is the inability to elicit bnAbs that 

recognize stable, neutralizing epitopes present on the Env proteins of multiple viral 

clades [157]. Indeed, neither vaccination nor active infection routinely elicits bnAbs, and 

high bnAb titers arise only in ~20% of infected individuals after 2-3 years of infection 

[156, 304]. Though rare, many bnAbs have been recently isolated as a consequence of 

technological advances [158, 170]. These bnAbs target one of four conserved sites on 
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HIV-1 Env, including the gp120 CD4bs [158, 161, 165], gp41 MPER [166, 270, 305], gp120 

V1/V2 loop [168, 170], and gp120 V3-glycans [146]. 

Many factors are hypothesized to restrict the development of bnAbs, including 

the rapid evolution of HIV-1 Env proteins [306], extensive Env glycosylation [307], 

conformational masking [144], and the scarcity of critical Env epitopes [308]. Haynes et 

al. [185] first noted poly- and autoreactivity among bnAbs and hypothesized that 

conserved, neutralizing epitopes of HIV-1 might mimic host proteins to avoid robust 

humoral responses by the removal/inactivation of responder B cells through 

immunological tolerance. Our characterization of two MPER-binding bnAbs, 2F5 and 

4E10, identified two human proteins, KYNU and SF3B3, as autoantigens mimicked by 

the 2F5 and 4E10 HIV-1 epitopes [245]. Mimicry of these conserved self-antigens by 

HIV-1 suggests that bnAbs to the 2F5 and 4E10 epitopes are proscribed by immune 

tolerance, a notion supported by impaired B-cell development in knock-in mice 

expressing the 2F5 or 4E10 VHDJH and VLJL rearrangements [237-239]. Further, 

immunization of opossums that naturally carry a KYNU mutation abrogating the shared 

2F5 HIV-1 epitope elicited extraordinary antibody titers to the gp41 2F5 motif missing in 

opossums [245]. It remains unclear whether other classes of HIV-1 bnAbs or non-

neutralizing HIV-1 antibodies (nnAbs) are also influenced by immunological tolerance. 

In addition to specific autoreactivity, a number of bnAbs have been reported to 

be polyreactive, including the MPER bnAb 4E10 [245], and the CD4bs bnAbs CH103, 
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CH106 [165], and CH98 [162]. In contrast to autoreactive antibodies that bind specific 

self-epitopes, polyreactive antibodies are promiscuous binders of apparently dissimilar 

self- and non-self-antigens [220]. During normal B-cell ontogeny, poly- and 

autoreactivity are common in early B-cell types, early immature, immature and 

transitional, but are significantly more rare in the mature B cell compartment [77]. 

Structural features strongly linked with antibody polyreactivity, including long third 

complementarity-determining regions of the heavy chain (HCDR3), are common among 

bnAbs but rare in naïve, mature B cells [309, 310]. This observation has led to 

speculation that bnAb polyreactivity may be a requisite trait for bnAbs [220]. 

Despite the potential importance of host mimicry by HIV-1 in mitigating 

protective immunity, there has been no systematic and quantitative assessment of poly- 

and autoreactivity among HIV bnAbs or, equally importantly, for the dominant nnAbs 

that commonly arise during HIV-1 infection. The few prior studies have mostly utilized 

clinical assays focused on diagnostic autoantigens and/or have not included significant 

numbers of nnAbs [185, 219, 272] as controls for general effects of infection, e.g., 

inflammation and chronic antigen exposure.  

In this study, we characterize the polyreactivity and autoreactivity of 22 HIV-1 

bnAbs and nine nnAbs in human protein microarrays that contain 9,400 full-length 

human proteins. Our characterizations reveal that poly- and autoreactivity are 

significantly more frequent in the bnAb group, both for individual antibodies and 
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antibody lineages. These observations suggest that these attributes are determined by 

the nature of specific neutralizing epitopes and are not generally attributable to HIV-1 

infection. In addition, we identify novel host epitopes recognized by HIV-1 bnAbs and 

among these, human ubiquin-protein ligase 3A (UBE3A), was recognized by unrelated 

groups of CD4bs bnAbs. These data support the hypothesis that immunological 

tolerance hinders bnAb generation to the HIV-1 Env CD4bs as well as to the MPER [237, 

239, 245, 311]. We conclude that host mimicry constitutes a significant factor in limiting 

effective humoral immunity to HIV-1. 

5.2 Results 

5.2.1 Polyreactivity in HIV-1 bnAbs and nnAbs 

5.2.1.1 Definition of polyreactivity 

To assess poly- and autoreactivity of HIV-1 bnAbs and nnAbs quantitatively, we 

compared the binding patterns of HIV-1 bnAbs and nnAbs to an isotype-matched 

(IgG1/) human myeloma protein (151K) in microarrays containing > 9,400 full-length 

human proteins [245]. The 151K antibody was chosen as an antibody binding control for 

consistency with previous work [245] and because it was not intentionally generated 

and has not been selected for the absence of poly- or autoreactivity. In contrast, 

therapeutic antibodies cannot exhibit significant levels of off-target binding [246, 247]. 

Nonetheless, when compared to Palivizumab the vast majority of array proteins were 

bound equivalently by Palivizumab and 151K (Figure 23A), as evidenced by the tight 
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distribution of data points along the diagonal binding axis. Thus 151K and Palivizumab, 

a therapeutic Ab, selected for little or no off-target binding, have comparably low levels 

of polyreactivity. 

As previously shown [245], 151K specifically bound one human protein, betaine-

homocysteine methyltransferase 2 (BHMT2) > 500-fold more avidly than Palivizumab 

(Figure 23A). Palivizumab showed no evidence for autoreactivity (Figure 23A). 151K is, 

therefore, an appropriate negative control for polyreactivity, and serves as a positive 

control to identify autoreactivity. 

Analogous comparisons of 151K to Infliximab also demonstrated that virtually 

all array proteins were bound equivalently by Infliximab and 151K (Figure 23B). As 

expected, Infliximab specifically bound TNF-α > 500-fold more avidly than 151K (Figure 

23B); TNF-α was the only array protein bound by Infliximab above the 500-fold 

threshold, suggesting that our criteria of > 500-fold difference is stringent and 

conservative. 

Internal controls for antibody loading, intracellular high affinity IgG receptor 

TRIM21 [267] and anti-human IgG, ensured that comparable amounts of antibody were 

present in all arrays; human IgG on the array served as a loading control for the 

secondary detection reagent (Figure 23) [245].  

To measure the experimental variability and dynamic range of 151K binding, we 

compared the MFI of 151K binding to duplicate proteins within the same microarray 
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chip; these values were plotted against each other, and consistently aligned along the 

diagonal axis with little variation, indicating high intra-array reproducibility (Figure 23). 

Ideally, differences in MFI intensity over all proteins in the array [as the mean 

displacement from the diagonal (151KaMFI = 151KbMFI)], i.e., no experimental or 

measurement variability, is 0; the observed intra-array value for five independent arrays 

was 0.001 (0.004) (Figure 23C).  
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Figure 23: 151K as a control for protein microarray. 

Protein array binding by Palivizumab (A), Infliximab (B), and 151K (C). (A and B) Axis 

values are MFI in Palivizumab and Infliximab array (y-axis) or 151K array (x-axis). (C) 

Pair-wise comparison of duplicate proteins binding to 151K in the same array. Axis 

values are MFI in duplicate a (x-axis) or duplicate b (y-axis). Each dot represents one 

array protein replicate. Diagonal indicates equal binding two comparators. Internal 

controls for loading of antibody and secondary detection reagent were equally bound by 

antibody pairs (box). Dashed lines indicate the 500-fold signal/background ratio defined 

as cut-off for significant autoreactivity. Circles identify protein ligands bound ≥500-fold 

over background.  
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Comparison of inter-array MFI values was determined by comparing 151K to 

151K binding in 5 independent arrays. In this comparison, the ideal value should be 

0.001, the intra-array variability. The observed value, -0.008 (0.086) (data nor shown), 

documents the inter-array variability of this assay.  

We define HIV-1 antibodies as polyreactive when the averaged MFI intensity 

over all array proteins are > 2-fold above the matched 151K average. This > 2-fold 

increase in binding is equivalent to a displacement of mean distance from the diagonal 

(151KMFI = HIV AbMFI) > 0.21 (log102/√2); we define this displacement as the polyreactivity 

index (PI; Materials and Methods). This threshold MFI displacement (0.21) is > 500-fold 

greater than the inter-array variance. 

Polyreactive antibodies were excluded from analyses for autoreactivity, to 

minimize the role of avid, but unspecific Ab-Ag interactions. Autoreactive antibodies 

were defined as non-polyreactive antibodies that bound to array protein(s) with 

avidities ≥500-fold of the 151K control. This value was based on our earlier study of the 

2F5 and 4E10 bnAbs; Ab-protein binding in microarrays with this signal to control ratio 

was always confirmed by stringent ELISA whereas weaker avidities were not [245]. A 

subset of polyreactive bnAbs bound selected array proteins ≥500-fold more avidly than 

151K control; nonetheless, in these cases, the bnAb was defined only as polyreactive. 

Examples of these definitions are presented in Figs. 2-4. The CH98 bnAb was 

isolated from an HIV-1-infected individual with SLE, and is known to be polyreactive in 
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AtheNA, HEp-2 immunofluorescence, and protein microarray [162]. CH98 was therefore 

used as a positive control in our assay to validate the PI threshold of polyreactivity. In 

the protein microarray, CH98 reacted more avidly with 92.3% of the 9,400 microarray 

proteins than did the 151K control (Figure 24A), exhibiting a PI value of 0.51 (Figure 

25A). This polyreactivity is readily apparent in the skewed distribution of 

151KMFI:CH98MFI ratios, with most data points falling below the equivalence diagonal 

(Figure 24A). A histogram of this displacement illustrates a significant shift (> 0.21) from 

the equivalence diagonal (Figure 25A). In contrast to the arrayed proteins, internal 

loading controls (Figure 24A) were bound equally by CH98 and 151K, eliminating the 

possibility that the skewed Ag-binding pattern by CH98 was an artifact of unequal 

antibody loading. 

CH98 also bound to a single human protein, STIP1 homology and U-Box 

containing protein 1 [STUB1, (Figure 24A)] > 500-fold more avidly than did 151K (Figure 

24A), meeting the definition for significant autoreactivity. However, because bnAb 

CH98 is polyreactive, it is not identified as autoreactive. 

The CH59 nnAb [312] bound the substantial majority of arrayed proteins with 

avidity similar to the 151K control (Figure 26A). Indeed, the displacement histogram 

exhibited a normal distribution with a mean value of 0.01 (Figure 26B), indicating that 

the CH59 nnAb was neither more nor less polyreactive than 151K antibody. CH59 did 

not bind to any array ligand with an avidity 500-fold greater than the 151K antibody 
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(Figure 26A). In consequence, we define CH59 to be neither poly- nor autoreactive; 

CH59 is highly specific for the V2 loop region of HIV-1 Env [312]. 

Finally, the MPER bnAb 10E8 [166] was not polyreactive compared to the 151K 

control (Figure 24B), with a mean histogram displacement of -0.02 (Figure 25B). Despite 

the similar overall binding pattern to 151K, 10E8 interacted with a single human protein, 

FAM84A (Figure 24B), with avidity ~1,150-fold greater than 151K (Figure 24B). The 10E8 

bnAbs is defined as autoreactive. 

5.2.1.2 Polyreactivity of HIV-1 bnAbs and nnAbs 

The cohort of 22 bnAbs tested are thought to represent 14 clonal lineages and 

cover the four major neutralization epitopes [309]: the VRC01 family (VRC01, VRC02, 

VRC03, VRC07, and NIH45046), CH98, CH30-34 (CH31), and CH103-106 (CH103, 

CH106) lineages recognize CD4bs; 2F5, 4E10, 10E8, and CH12 lineages bind MPER; 

PG9/PG16 (PG9, PG16), CH01-04 (CH01, CH03), and PGT141-145 (PGT145) lineages 

map to the V1V2-glycan epitopes; and 2G12, PGT121-123 (PGT121), and PGT125-131 

(PGT125, PGT128) lineages recognize V3-glycans (Figure 24, Figure 25, and Appendix A, 

Table 3). The nine nnAbs tested represent distinct lineages and are specific for HIV-1 

Env V2 and V3 loop epitopes (CH58, CH59, HG107, HG131, F39F, and 19b) and CD4-

induced (CD4i) gp120 epitopes (A32, 17b, and 48d) (Figure 26 and Appendix A, Table 4). 

These nnAbs include both strain-specific (autologous) neutralizing antibodies and non-

neutralizing antibodies; all are categorized as nnAbs.  
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Figure 24: Protein microarray binding by bnAbs.  
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(Figure 24, continued) Representative ProtoArray summary for protein arrays blotted 

with CD4bs bnAbs (A), MPER bnAbs (B), V1/V2 bnAbs (C), and V3-glycan bnAb (D), or 

151K control. Axis values are relative fluorescence signal intensity in 151 array (y-axis) 

or test antibody array (x-axis). Each dot represents average of duplicate array proteins. 

Diagonal indicates equal binding by test antibody and 151K. Internal controls for 

loading of antibody and secondary detection reagent were equally bound by antibody 

pairs (box). Dashed lines indicate the 500-fold signal/background ratio defined as cut-off 

for autoreactivity. Circles identify protein auto-ligands recognized by autoreactive 

bnAbs.  
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Figure 25: Polyreactivity indices of bnAbs.  
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(Figure 25, continued) Frequency histogram of protein displacement (log) from the 

diagonal line by bnAbs specific for CD4bs (A), MPER (B), V1/V2 (C), and V3-glycans 

(D), as compared to isotype control 151K in Fig. 2. Negative distances indicate stronger 

binding by control 151K. Gaussian mean of all array protein displacements is termed 

polyreactivity index (PI). PI value of 0.21 suggests two-fold stronger overall binding by 

test antibody than control 151K, and was defined as the threshold of polyreactivity.  
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Figure 26: Protein microarray binding and polyreactivity indices of nnAbs.  
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(Figure 26, continued) Representative ProtoArray binding fluorescence intensity (A) 

and frequency histogram (B) of displacement (log) from the diagonal line in (A) by HIV-

1 nnAbs compared to the 151K control. (A) Each dot represents an individual protein, 

and axis values are mean of duplicate fluorescence intensities in the control array (y 

axis) and nnAb array (x-axis). Box denotes internal controls for loading of antibody and 

secondary detection agent. Dashed lines are the cut-off of autoreactivity, as defined by 

500-fold ratio of nnAbMFI:151KMFI. Circles highlight autoantigens by non-polyreactive 

bnAb. (B) Displacement of each protein from the diagonal in (A) was determined and 

graphed in a frequency graph with bin size of 0.02. Positive displacement indicates 

stronger binding by nnAb than 151K and vice versa. PI is the Gaussian mean of all 

displacement values. PI value of 0.21 suggests two fold stronger overall binding by test 

nnAb than control 151K, and was defined as the threshold of polyreactivity.  
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In this way, 45% (10/22) bnAbs (VRC07, NIH45-46, CH103, CH106, CH98, CH31, 

4E10, PG9, PGT125, and PGT128) were found to be polyreactive (Figure 27A), with 

significant shifts in the mean of displacement in histogram plots of relative MFI (PI > 

0.21) (Figure 24 and Figure 25). The remaining 12 bnAbs (VRC01, VRC02, VRC03, 2F5, 

10E8, CH12, PG16, CH01, CH03, 2G12, PGT121, and PGT145) bound most array proteins 

with avidities similar to or less than the 151K control (PI ≤ 0.21) and were defined as 

non-polyreactive (Figure 24 and Figure 25). 

In contrast, only a single (1/9; 11%) nnAb (HG131) was found to be polyreactive. 

HG131 was derived from a vaccinee (RV144 ALVAC prime, AIDSVAX B/E protein 

boost) and binds to the gp120 V2 (M. Bonsignori, unpublished). The remaining eight 

nnAbs (CH58, CH59, HG107, F39F, 19b, A32, 17b, and 48d) exhibited comparable or 

lower polyreactivity than the 151K antibody (Figure 26). 

As a group, the PI values for bnAbs (n = 22) were significantly higher than for 

nnAbs (n = 9; Exact Wilcoxon test, p = 0.009) (Figure 27B), indicating that bnAbs are 

generally more frequently polyreactive or more avidly polyreactive than are nnAbs. 

Indeed, nnAbs exhibited an expected Gaussian distribution of PI values, with a mean 

approximating 0 (i.e., equivalent overall binding to the 151K control). In contrast, the PI 

values of bnAbs exhibited a mixed distribution pattern and were enriched for high PI 

values (Figure 27B). 
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As a group, bnAbs are more mutated than nnAbs (Appendix A, Table 3 and 

Table 4); these 22 bnAbs exhibit an average VH mutation frequency of 20.5%, whereas VH 

mutation frequencies in the nine nnAbs average 10%. However, the increased 

polyreactivity among bnAbs is not a direct result of higher mutation frequencies, as no 

correlation could be drawn between the PI value and VH mutation frequency among 

bnAbs and nnAbs (both separately and combined, data not shown). In addition, even 

among bnAbs and nnAbs with high mutation frequencies (> 10%), PI values are not 

correlated to mutation frequency. 

 

Figure 27: bnAbs are more polyreactive than nnAbs. 

(A) Summary of polyreactivity profile of 22 bnAb and nine nnAb as assessed in Figs 3, 

and 4. Polyreactive indicates PI > 0.21. (B) Histogram of PI value distribution among 

bnAbs or nnAbs, with bin size of 0.1. Gaussian best-fit regressions were imposed over 

the histogram.  
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5.2.1.3 Polyreactivity of HIV-1 bnAb and nnAb lineages 

We next analyzed bnAbs grouped by clonal lineages, as antibody within lineages 

are clonally related and do not represent independent samples. As expected, clonally 

related bnAbs often exhibited similar patterns of polyreactivity, e.g., CH103 and CH106, 

PGT125 and PGT128, and CH01 and CH03 (Figure 24 and Figure 25). Two bnAb 

lineages, however, comprised significantly different binding patterns and PI values. 

First, the V1/V2 bnAb PG9 is polyreactive (PI = 0.31) whereas its sister clone PG16 was 

not [PI = -0.03; (Figure 24 and Figure 25)]. Second, the VRC01 family bnAbs cluster into 

two binding groups; VRC01, VRC02, and VRC03 are not polyreactive (PI=-0.06 – 0.09), 

whereas VRC07 and NIH45-46 are [PI = 0.87 and 0.59, respectively; (Figure 24 and 

Figure 25)]. Both VRC07 and NIH45-46 share a 12-nucleotide HCDR3 insertion [160, 313] 

that appears to confer increases in both polyreactivity and neutralization potency 

[Figure 24 and Figure 25; [160, 313]]. 

To determine whether the bnAb lineages are more polyreactive than nnAb, the 

mean PI value of bnAbs within the same clonal lineage was compared to that of the 

nnAbs. The lineage means, bnAbs (n = 14) remain significantly higher than nnAbs (n = 9; 

Exact Wilcoxon test, p = 0.026). bnAb lineages are significantly more polyreactive (or 

enriched for polyreactivity) than nnAbs. 

Whereas all bnAbs originated from patients chronically infected with HIV-1, 

nnAbs arose from both infected donors (F39F, 19b, A32, 48d, and 17b) and vaccinees 
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(HG131, HG107, CH58, and CH59). The most rigorous comparison of polyreactivity is 

between bnAbs and nnAbs recovered from chronically infected patients. Restricting our 

analysis to nnAbs derived from infected donors (n = 5) still showed significantly less 

polyreactivity than bnAbs (not shown). This was true both for individual antibodies (n = 

22; Exact Wilcoxon test, p = 0.0003) and clonal lineages (n = 14; Exact Wilcoxon test, p = 

0.0007). 

 

Figure 28: bnAbs are more autoreactive than nnAbs. 

Autoreactive human protein ligands were identified for non-polyreactive bnAbs and 

nnAbs, and confirmed for binding in ELISA under stringent conditions. (A) Summary of 

autoreactivity among non-polyreactive bnAbs and nnAbs. Autoreactivity was defined as 

binding ≥500-fold stronger than 151K in protein array (Figure 24 and Figure 26, dashed 

lines). (B) VRC01 (circle) and 151K (triangle) were immobilized on ELISA plates, blocked 

in stringent conditions, and added with serially diluted UBE3A. Monoclonal antibody 

against UBE3A detects specific binding. BSA was used as negative control. (C) FAM48A 

and PARCG1 were immobilized, blocked in stringent conditions, and detected with 

serially diluted 10E8, 19b (circle) and 151K (triangle). (B and C) Binding by all HIV-1 

antibody were significant and specific under permissive ELISA conditions (data not 

shown). Axis values are OD (y-axis) or protein concentrations (µg/ml; x-axis). All 

experiments were repeated in two or more independent experiments. Error bars indicate 

standard deviation (SD).  
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5.2.2 Autoreactivity in HIV-1 bnAbs and nnAbs 

5.2.2.1 Autoreactivity in HIV-1 bnAbs and nnAbs 

Of the 12 non-polyreactive bnAbs, three (VRC01, 10E8, and 2F5) were found to 

react strongly (≥500-fold over 151K) with specific human proteins (3/12; 25%) [Fig. 6A; 

[245]], UBE3A isoforms 2 and 3 (VRC01), family with sequence similarity 84, member A 

(FAM84A) (10E8), and KYNU and CKLF-like MARVEL transmembrane domain 

containing 3 (CMTM3) (2F5) [245]. In contrast, only a single non-polyreactive nnAb (1/8; 

13%), 19b, reacted significantly with an array protein. The 19b nnAb that is specific for 

the gp120 V3 loop [314] also bound to parkin coregulated gene protein homolog 

(PACRG) (Figure 28A).  

To confirm bnAb and nnAb reactivity with these array proteins, we obtained 

full-length recombinant human UBE3A, FAM84A, and PACRG proteins, and tested the 

binding of VRC01, 10E8, and 19b in stringent ELISA conditions [245] (Figure 28). Two 

types of ELISA were used, Ag-capture (VRC01, Figure 28B) and direct-binding (10E8, 

19b, Figure 28C). Ag-capture is considerably more sensitive than direct-binding ELISA. 

Binding to array proteins by VRC01, 10E8, and 19b were all preserved in stringent 

ELISA conditions (Figure 28). 
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5.2.3 UBE3A is bound by unrelated CD4bs bnAbs 

5.2.3.1 UBE3A is bound by VRC01, VRC02, CH106, and CH103 

Four CD4bs bnAbs from two distinct clonal lineages, VRC01 and VRC02, and 

CH106 and CH103, bound human UBE3A more avidly than the 151K control antibody 

(Figure 29A). Only VRC01 bound UBE3A 500-fold above the 151K control (Figure 29A) 

with the related VRC01 and VRC02 bnAbs exhibiting signal to control ratios of 800- 

and 400-fold, respectively. CH106 and CH103 bound UBE3A only 100-fold more avidly 

than 151K, indicating substantially weaker interactions with UBE3A. Nonetheless, the 

binding of all four bnAbs to recombinant UBE3A protein was confirmed in a stringent 

ELISA (Figure 29B) [245]. In the ELISA, VRC01 and VRC02 exhibited much stronger 

binding to UBE3A than did CH106 and CH103 (VRC01 > VRC02 > CH106 > CH103) with 

the related CH103 and CH106 bnAbs also exhibiting higher background binding, likely 

due to their polyreactivity (Figure 29A). Surface plasmon resonance estimates of 

UBE3A:VRC01 binding strength suggested a Kd ≈ 30 nM (data not shown). Such avidity 

is well within the range of autoreactive human antibodies derived from autoimmune 

patients [9.1 nM – 58 µM, [315]], suggesting that in vivo, VRC01 could be subject to 

tolerance control.  
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Figure 29: UBE3A is a shared autoantigen by four CD4bs bnAbs. 

UBE3A was recognized by VRC01, VRC02, CH106, and CH103 with varying strengths in 

protein array, and ELISA. (A) Representative protein array summary for protein arrays 

blotted with CD4bs bnAbs VRC01, VRC02, CH106, CH103, or 151K control. Axis values 

are fluorescence intensity in 151 array (y-axis) or bnAb array (x-axis). Each dot 

represents average of duplicate proteins. Diagonal line indicates equal binding by test 

antibody and 151K. Dashed line indicates 500-fold MFI difference and serves as cut-off 

for high affinity autoreactivity. UBE3A proteins were marked with circles. (B) CD4bs 

bnAb (circle), and 151K (triangle) were tested for binding to UBE3A in sandwich ELISA 

under stringent conditions as described in Methods and material. All experiments were 

independently repeated at least twice. Error bars reflect standard deviation (SD).  
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5.2.3.2 VRC01 binds UBE3A and CD4bs of gp120 in similar manners 

To determine whether VRC01, VRC02, CH106, and CH103 recognize a common 

UBE3A epitope, we measured the inhibition of VRC01:UBE3A binding in ELISA by 

VRC01 (homologous inhibition) or by VRC02, CH106, or CH103 (heterologous 

inhibition) (Figure 30A). Addition of VRC02 inhibited VRC01:UBE3A binding as well as 

VRC01 itself; these clonally related bnAbs bind to the same UBE3A determinant. CH106 

and CH103, on the other hand, did not inhibit VRC01:UBE3A binding (Figure 30A). 

Reciprocally, CH103, and less potently VRC01, inhibited the CH106:UBE3A binding, 

although not as well as homologous inhibition by CH106 (Figure 30B). The incomplete, 

but dose-dependent inhibition of CH106:UBE3A binding by CH103 may be the result of 

its lower affinity for UBE3A (Figure 30B). Partial inhibition of CH106:UBE3A binding by 

VRC01 implies that the VRC02/VRC02 and CH103/CH106 epitopes on UBE3A are 

distinct but overlapping. This analysis is consistent with maps of the VRC01/VRC02 and 

CH106/CH103 epitopes on HIV-1 gp120 that posit distinct but adjacent determinants on 

Env (data not shown and [165]). 

To determine whether gp120 and UBE3A bind to VRC01 at a common site, we 

inhibited VRC01:gp140 binding by the addition of gp120 (homologous) or UBE3A 

(heterologous) inhibitor. VRC01 binding to the JR-FL gp140 was strongly inhibited by 

the introduction of CH505 TF gp120 [165] but also by the addition of UBE3A (Figure 

30C). Whereas homologous inhibition was virtually complete at 1 M gp120, inhibition 
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by UBE3A at the same concentration was only 50%. This inhibition was not due to 

increased protein concentrations as the addition of BSA had no effect on VRC01:gp140 

binding (Figure 30C). The ability of UBE3A to inhibit VRC01:gp140 binding specifically 

and in a dose-dependent fashion indicates that VRC01 interacts with both ligands at a 

common paratopic site. 

If gp120 and UBE3A share a common epitope that interacts with the VRC01 

paratope, it follows that UBE3A, like gp120, may be capable of binding CD4. 

Consequently, we tested UBE3A for binding to human CD4 coated on ELISA plates 

(Figure 30D). Bound CD4 was recognized by OKT4, a CD-4 specific mAb and JR-FL 

gp140. Remarkably, UBE3A exhibited weak but specific binding to plate-bound CD4 

(Figure 30D). This result offers direct evidence that the epitope shared by UBE3A and 

HIV-1 gp120 overlaps with the structural motif recognized by both VRC01 and human 

CD4. 

5.2.3.3 VRC01 binds UBE3A via a conformational epitope 

UBE3A, an E3 ubiquitin-protein ligase, is an ancient protein that is present in all 

bilaterian species [316]. The ligase consists of two domains, an N-terminal substrate-

binding domain and a C-terminal catalytic region common to all HECT E3 ubiquitin-

protein ligases [316]. UBE3A sequence is highly conserved among mammalian species 

with primates, rodents, and marsupials sharing > 98% sequence identity (NCBI 

HomoloGene, unpulished data).  
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Figure 30: VRC01 binds UBE3A and CD4bs of gp120 in similar manners. 

Inhibition of VRC01 binding to UBE3A (A), or JR-FL gp140 (C), or CH106 binding to 

UBE3A (B) assessed in ELISA as described in Materials and methods. (A, B, C) The y-

axis indicates OD percentage of maximal binding, which is determined as the mean 

reading without inhibitors (dashed line). X-axis depicts molar concentration of inhibitor 

bnAb. Error bars indicate standard deviation. (D) ELISA plate immobilized with human 

CD4 was added with serially diluted JR-FL gp140, UBE3A, or BSA; then mouse 2F5, 

anti-UBE3A, or isotype control was added to detect specific binding. An HRP-

conjugated antibody specific for mouse IgG was used to detect bound interactions. A 

biotinylated-anti-CD4 and streptavidin-HRP served as positive control (empty square). 

CD4 binding to gp140 is detected by mouse 2F5, and serves as positive control (filled 

circle).  
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No significant amino acid sequence similarities were identified between UBE3A 

and gp120 (UNIPROT sequence alignments, data not shown) indicating that the shared 

epitope is discontinuous; this finding is unsurprising as HIV-1 gp120 interacts with 

VRC01 via a discontinuous, conformational epitope [187]. Structural modeling of 

VRC01:UBE3A binding is hindered by the absence of a high-resolution structure for the 

complete UBE3A molecule. Only the catalytic, C-terminal HECT domain of human 

UBE3A has been resolved [317]. That the HECT domain is conserved among 20 human 

E3 ubiquitin ligases [316] suggests that the VRC01 epitope is not located in this C-

terminal domain, as other HECT-domain containing E3 ubiquitin ligases [UBE3C, 

HERC3, WWP1, WWP2, and HUWE1 [316]] were not recognized by VRC01 in the 

protein microarray (Figure 29A). In contrast, the N-termini of E3 ubiquitin protein 

ligases that determine substrate specificity vary substantially from one another [317] and 

we hypothesize that this N-terminal domain contains some or all of the UBE3A epitope 

bound by the VRC01 bnAb. 

In an attempt to locate the VRC01 binding site on UBE3A, we constructed seven 

truncation mutants of human UBE3A that were expressed in bacteria (Figure 31). These 

mutants represented serial truncations of the UBE3A N- (n=5) or C-terminal (n=2) 

domains and an amino terminal GST tag. All complete and truncated proteins were 

purified over glutathione columns and analyzed for reactivity against UBE3A-specific 

Rabbit IgG, the UBE3A-specific 2F6 mAb, and the VRC01 bnAb. All three antibodies 
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bound the full-length GST-UBE3A protein and the all truncation mutants were 

recognized by the polyclonal UBE3A antibody (Figure 31). The 2F6 mAb is known to 

react with an epitope in the N-terminal, substrate-binding domain of UBE3A; 2F6 mAb 

reacted with all UBE3A truncation mutants except T2 (deletion of the N-terminal 

domain) and T6 (deletion of first 400 residues of the N-terminal domain), locating the 

2F6 epitope between residues 300-400 in the substrate-binding domain. The binding of 

polyclonal IgG and the 2F6 mAb to the mutant UBE3A proteins rules out a general loss 

of native structure. None of the truncation mutants, however, retained VRC01 binding. 

We conclude that an easily-disturbed structural motif defines the VRC01 epitope on 

UBE3A. 

 

Figure 31: VRC01 recognizes UBE3A via a conformational epitope. 

Truncates and full-length UBE3A were synthesized with an N-terminal GST-tag, with a 

GST control, and tested for binding in ELISA to VRC01, polyclonal, or monoclonal anti-

UBE3A as detailed in Materials and methods. + indicates binding, - suggests no binding.  
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5.3 Discussion 

It is generally acknowledged that HIV-1 bnAbs capable of neutralizing a broad 

range of viral isolates are often auto- or polyreactive [157, 309]. HIV-1 bnAbs possess 

one or more unusual structural characteristics, including very long HCDR3s and/or 

extraordinary frequencies of V(D)J mutations [157, 309], that are correlated with 

antibody polyreactivity and it is possible that these structural properties, and poly- or 

autoreactivity, are necessary for bnAb activity. This heightened self-reactivity could be, 

however, an epiphenomenon of B-cell selection during chronic HIV-1 infection [318] as 

persistent inflammation promotes the accumulation of poly- and autoreactive antibodies 

[162, 319]. Consequently, our study characterizes both bnAbs and nnAbs so as to 

determine whether poly-/autoreactivity are the products of the infection milieu (e.g., 

chronic inflammation, prolonged Ag exposure, CD4 T-cell depletion, etc.) or is linked 

specifically to bnAb activity. 

Poly- and autoreactivity of bnAbs have been more commonly assessed by ELISA 

(cardiolipin, dsDNA, ssDNA), cell immunofluorescence assay (HEp-2), and AtheNA 

assay (cell nucleus antigens) [157]. Such assays are useful but potentially limited either 

by the number of autoantigens tested (ELISA, AtheNA) or by preparation artifacts, 

interference, variable levels of antigen expression, and non-quantitative assessments of 

reactivity. In contrast, we determined the specificities of HIV-1 antibodies in 

standardized protein microarrays containing 9,400 purified human recombinant 
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proteins. Binding by bnAbs and nnAbs were compared to a single isotype-matched 

control myeloma Ab, 151K, that arose spontaneously and has not been selected with 

regard to paratopic specificity [245]. Comparisons of 151K to two therapeutic antibodies, 

Palivizumab and Infliximab, demonstrate that 151K has little or no polyreactivity but 

does bind avidly to BHMT2 (Figure 23), a human methyltransferase that is abundant in 

kidney and liver (BioGPS, Probeset 219902). These dual properties, little polyreactivity 

and an avid and specific autoreactivity, make 151K an ideal control for these studies. In 

addition, 151K was used previously in a study of two MPER bnAbs and its use here 

ensures that both studies are directly comparable. By our definitions, 10 of the 22 (45%) 

HIV-1 bnAbs tested were polyreactive, in contrast to only one (1/9; 11%) HIV-1 nnAb 

(Figure 27A). This difference in polyreactivity between the bnAb and nnAb groups is 

statistically significant (Exact Wilcoxon Test, p = 0.009). Although small sample sizes 

precluded statistical comparisons among different bnAb types, at least one polyreactive 

bnAb was present in each of the four major bnAb classes: CD4bs, MPER, V1/V2, and V3-

glycan (Figure 27A); bnAb polyreactivity is not restricted to the MPER bnAb class. 

We defined autoreactivity only in antibodies that were not polyreactive because 

of the difficulty in assessing specific binding in the presence of strong non-specific 

interactions. The threshold for autoreactivity, an MFI ≥500-fold over the 151K control, 

was chosen empirically to be consistent with previous work [245] and, more 

significantly, the results of V(D)J knockin animal studies [237-239]. We have now 
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identified three non-polyreactive bnAbs, VRC01, 10E8, and 2F5, as significantly 

autoreactive. These bnAbs avidly bind UBE3A, FAM84A, and KYNU/CMTM3, 

respectively (Figure 28). In addition, the nnAb 19b was shown to recognize PACRG 

(Figure 28). Taken together, 13/22 of bnAbs were either poly- or autoreactive (59%), 

whereas only 2/9 of nnAb exhibited poly- or autoreactivity (22%). Given that 

approximately 20% of mature naive B cells in normal humans are poly- or autoreactive 

[77], the frequency of poly-/autoreactivity among nnAbs is unexceptional [Exact 

Binomial test H0: prob(auto/poly) = 0.2, p = 0.88]. In contrast, the bnAb cohort studied 

was significantly enriched for poly-/autoreactivity [Exact Binomial test H0: 

prob(auto/poly) = 0.2, p < 0.0001]. 

Importantly, the nnAbs derived from infected patients (n = 5; F39F, 19b, A32, 17b, 

48d) are significantly less polyreactive than nnAbs derived from vaccinated patients (n = 

4; CH58, CH59, HG107, HG131; Exact Wilcoxon Test, p = 0.016). Thus, bnAbs are 

significantly more polyreactive than nnAbs that originated from only infected donors [n 

= 5; individual bnAbs (n = 22, p = 0.0003); bnAb lineages (n = 14; p = 0.0007)]. This result 

suggests that despite their similar origins in infected patients, poly- and autoreactivity 

appear to be associated only with HIV-1 bnAbs [183, 185, 219, 220]. 

Poly- and autoreactivity in bnAbs is not the inevitable result of high V(D)J 

mutation frequencies and/or long HCDR3 sequences. For example, even though a third 

of V(D)J nucleotides encoding the variable regions of the VRC03 bnAb are somatic 
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mutants [158] and whereas the HCDR3 of bnAb PG16 comprises a remarkable 84 

nucleotides [170], neither VRC03 nor PG16 is auto- or polyreactive (Figure 24 and Figure 

25). Indeed, we found no significant correlation between the PI values and mutation 

frequencies among bnAbs and nnAbs (both separately and combined, data not shown). 

Our definitions of poly- and autoreactivity were empirically determined and 

chosen to be conservative. We note that B-cell development is strongly blocked in 

knockin mice expressing the 2F5 VDJ H-chain rearrangement in association with the 

complete repertoire of endogenous L-chains even though affinity for the canonical 2F5 

ligand is substantially reduced [237]. Consistently, 2F5 binds KYNU and CMTM3 in the 

array > 500-fold more avidly than 151K (Figure 24B). In addition, 151K, but not 

Palivizumab, reacts with BHMT2 > 500-fold more avidly than its comparator, an avidity 

comparable to that of Infliximab for TNF-α (Figure 23). The 500-fold threshold for 

specific autoreactivity is, therefore, consistent with high-avidity, functional binding. We 

caution that this threshold may be too strict. Indeed, binding of VRC02 to UBE3A under 

stringent ELISA conditions was strong, even though the reaction in microarrays did not 

meet the 500-fold cut-off (Figure 29). 

Similarly, the two-fold overall stronger binding (PI > 0.21) definition for 

polyreactivity is chosen to be conservative and in concert with our characterization of 

the 4E10 bnAb [245]. Knockin mice expressing the 4E10 V(D)J rearrangements exhibit 

impaired B-cell development [239, 240]. However, even if a higher PI threshold were 
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chosen (e.g. 0.27, or 2.5-fold stronger overall binding), the frequency of polyreactive 

bnAbs and nnAbs would not have changed (Figure 25 and Figure 26). The final measure 

of significant poly- and autoreactivity is the generation of V(D)J knockin mice [237-240, 

320, 321] and additional knockin strains will be necessary to determine the significance 

of off-target bnAb reactivities. However, if the 2F5 and 4E10 mice are reasonable guides, 

we expect that most, if not all, of the poly- and autoreactive bnAbs studied here will be 

subject to some degree of immunological control. Regardless, the significantly higher PI 

values of bnAbs than nnAbs demonstrate that as a group, bnAbs exhibit polyreactivity 

as a fundamental characteristic. 

The binding of UBE3A by unrelated CD4bs bnAb groups is intriguing. UBE3A, 

an E3 ubiquitin-protein ligase, is abundant in many human tissues [322] and it expresses 

an HIV-1 gp120 epitope that overlaps the CD4bs determinants recognized by VRC01, 

VRC02, CH106, and CH103 (Figure 29 and Figure 30). Interestingly, bnAb avidity for 

UBE3A correlates well with neutralization breadth, in the order of VRC01 > VRC02 > 

CH106 > CH103 (Table 3). The four bnAbs reactive with UBE3A are clonally related 

pairs: VRC01 and VRC02 were derived from the same patient and CH103 and CH106 

were derived from a different donor [158, 165]. Although both CH106/CH103 and 

VRC01/VRC02 bind the CD4bs of HIV-1 gp120, the bnAb pairs approach the CD4bs 

from different angles and interact distinctly with epitopic residues [165, 187]. We 

demonstrate here that VRC01 and CH106 recognize UBE3A via overlapping epitopes 
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(Figure 30). Further, VRC01 binds UBE3A and CD4bs of gp120 at a common paratopic 

site (Figure 30C). Remarkably, UBE3A binds specifically, albeit weakly, to CD4 (Figure 

30D); we conclude that UBE3A contains a structural motif shared with HIV-1 gp120 that 

mimics the VRC01/CH106 epitopes and CD4bs. That the UBE3A epitope mimics the 

CD4bs of HIV-1 implies tolerizing pressure for B cells expressing BCR similar to those 

that define the VRC01/02 and CH106/103 lineages. 

UBE3A is highly conserved in mammalian species; indeed, the amino acid 

sequences of human, chimpanzee, macaque, and baboon UBE3A are 100% identical 

(NCBI HomoloGene), suggesting that generation of CD4bs bnAbs in all primates may be 

restricted by the shared UBE3A:CD4bs epitope.  

The generation of the MPER bnAbs 2F5 and 4E10 is controlled by immunological 

tolerance [237-240, 245] and our identification of UBE3A as another self-antigen 

recognized by HIV-1 bnAbs provides a new example of host mimicry by HIV-1. Such 

mimicry conceals vulnerable neutralization sites by hiding in plain sight: immunological 

tolerance purges the primary immune response of those lymphocytes most suited for 

protective immunity. This method of immune evasion can be highly effective [134, 245]. 

We hypothesize that host mimicry by pathogens is evolutionarily advantageous and is 

more widespread than generally appreciated [323]. 

The high frequencies of poly- and autoreactivity (Figure 27 and Figure 28) among 

HIV-1 bnAbs are consistent with our hypothesis that HIV-1 evades protective immunity 
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by host mimicry. As HIV-1 nnAbs isolated from infected patients are not significantly 

enriched for poly- and autoreactivity (Figure 27 and Figure 28), these structural traits are 

unlikely the consequence of the HIV-1 infection milieu but rather linked to 

neutralization potency. This link is independently supported by the CH103 antibody 

lineage, where virus neutralizing breadth was associated with increasing polyreactivity 

[165]. Given that bnAbs and nnAbs can recognize overlapping epitopes on HIV-1, why 

are bnAbs alone selected for polyreactivity? One explanation for bnAb polyreactivity is 

antibody heteroligation that increases effective binding affinity and neutralization 

capacity [219, 220]. This model, however, is difficult to reconcile with infrequent poly- 

and autoreactivity among autologous neutralizing nnAbs (Figure 27 and Figure 28). In 

contrast, our hypothesis that conserved, HIV-1 neutralizing epitopes mimic host Ags is 

consistent with the disparate patterns of poly-/autoreactivity between neutralizing 

bnAbs and nnAbs. nnAbs recognize evanescent, neutralizing epitopes that are readily 

altered in virus mutants but have little effect on viral fitness [324]; bnAbs, on the other 

hand, bind epitopes crucial to viral fitness and resistant to change by mutation [325]. It is 

unsurprising that these crucial epitopes might undergo intense selection favoring host 

mimicry and other forms of immune evasion. Host-mimicry limits the effective 

repertoire of bnAb B cells to increase viral fitness [77, 245, 295]; if the germline ancestors 

of bnAb B cells are absent or rare in the primary B-cell repertoire, extraordinary levels of 

hypermutation may be the only pathway for peripheral B cells to acquire bnAb activity 
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[225]. As hypermutation in germinal center B cells generates de novo autoreactivity [229], 

we wonder whether the increased poly- and autoreactivity among bnAbs (Figure 27 and 

Figure 28) is necessary for neutralization [219, 220] or a byproduct of tortuous clonal 

evolution [225]. 

Our survey of bnAb specificity may be clinically relevant. Passive bnAb 

immunization is being considered for acute HIV-1 infection [326] and to prevent 

maternal-fetal transmission of HIV-1 [327]. Poly- or autoreactive bnAbs may reduce 

serum half-lives [328] or induce pathology. Finally, we note that induction of bnAb may 

require immunization strategies that (transiently) bypass or suppress immunological 

tolerance [225].
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6. Conclusions and discussions 

Recent isolation of a plethora of HIV-1 bnAbs has identified discrete, conserved 

neutralizing epitopes as targets for protective humoral responses against HIV-1 [157]. 

However, all attempts to raise neutralizing antibodies to these seemingly simple 

epitopes have so far failed, largely attributed by the field to flaws of immunogens [157]. 

At the onset of this study, Haynes and colleagues proposed immunological tolerance as 

another roadblock that hinders effective generation of bnAbs, and demonstrated that the 

MPER bnAb 2F5 is autoreactive and subject to tolerance control in vivo [185, 237]. 

However, the polyreactivity of 2F5 was controversial, and it was not clear whether such 

tolerance control is due to host mimicry by HIV-1. In addition, there was a lack of 

consensus on whether other types of bnAbs and nnAbs are also regulated by tolerance 

mechanisms. 

The 2F5-epitope of MPER is the best studied continuous bnAb motif on the HIV-

1 Env. Initially isolated from pooled HIV-1+ peripheral blood mononuclear cell (PBMC) 

as an IgG3 [291], 2F5 exhibited the ability to broadly neutralize across-clade [329]. The 

nominal epitope of 2F5 was specified to the linear Glu662-Leu-Asp-Lys-Trp-Ala667 

(ELDKWA) residues of the HIV-1 gp41 MPER ectodomain [147], with residues DKW as 

the core motif for binding and neutralization [256, 330]. Since the 2F5 epitope ELDKWA 

is identically shared by mammalian KYNU (Figure 13), I hypothesized that human 

KYNU is mimicked by the HIV-1 2F5 epitope to evade effective humoral responses. 
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Indeed, significantly enhanced MPER responses are induced in the absence of tolerizing 

KYNU epitope (Figure 14), or when B cell tolerance checkpoints are entirely disrupted 

[295]. 

Besides the 2F5 epitope, I also identified several additional HIV-1 broadly 

neutralizing epitopes that adopt structures similar to host proteins to avoid antibody 

attack, including the 4E10 epitope of MPER (Figure 9), VRC01 epitope of CD4bs (Figure 

29), and 10E8 epitope of MPER (Figure 28). We conclude that HIV-1 conceals many of its 

vulnerable, conserved neutralizing epitopes with host-like structures in order to evade 

immunity. As a result, when bnAbs that bind the host-mimicking epitopes are generated 

during chronic infection, they often cross-react with host proteins and exhibit 

autoreactivity (Figure 28). 

6.1 Poly- and autoreactivity of bnAbs 

Many HIV-1 bnAb are considered polyreactive or autoreactive [225]. However 

these two terms have traditionally been used interchangeably. Haynes first reported that 

2F5 and 4E10 bind cardiolipin in addition to their protein ligands and strongly stain for 

human HEp-2 cells [185, 232]. Later, the ability to bind structurally different antigens 

was defined as polyreactivity, and many HIV-1 bnAbs were deemed polyreactive [219]. 

The polyreactivity of HIV-1 bnAbs has been proposed to increase the apparent affinity 

[219] and neutralizing capacity [220]. Here, we distinguish polyreactivity from 

autoreactivity by using human protein arrays that contain > 9,400 full-length proteins to 
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compare the binding pattern of each HIV-1 antibody to that of an isotype/type-matched 

control. We define polyreactivity as general, unspecific binding to most proteins on the 

array, with at least two fold overall stronger avidities than the control. Autoreactive 

antibodies, on the other hand, do not exhibit “sticky” interactions with vast numbers of 

proteins, but only cross-react specifically and with high-affinity to a select few proteins 

on the array. 

We show that 4E10 is highly polyreactive and bind >90% microarray proteins 

with low affinity (Figure 7). In contrast, 2F5 specifically cross-reacts with only KYNU 

and CMTM3 (Figure 7), presumably via a shared epitope with the HIV-1 2F5 motif 

(Figure 13). Our system is a leap forward from traditional means to measure 

polyreactivity, including ELISA (cardiolipin, dsDNA, ssDNA), cell immunofluorescence 

assay (HEp-2), and AtheNA assay (cell nucleus antigens) [157]. The protein array 

resolves many potential limitations of these alternative assays, including small numbers 

of autoantigens tested, variable levels of antigen expression, and non-quantitative 

assessments of reactivity. In addition, our threshold cut-offs for polyreactivity and 

autoreactivity are consistent with therapeutic antibodies, Palivizumab and Infliximab 

(Figure 23), as well as in vivo models of 2F5 and 4E10 knock-in mice. 

One potential caveat, however, is that only protein autoantigens are present on 

the array. Although some blotted proteins harbor appropriate glycan modifications, 

other classes of autoantigens including nucleic acids and lipids are entirely absent. This 
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may account for discrepancies of 2F5 polyreactivity. 2F5 weakly interacts with anionic 

phospholipids such as cardiolipin, and was deemed polyreactive [185], but exhibits 

specific autoreactivity in protein array (Figure 7). 

With the ability to quantify polyreactivity and autoreactivity relative to a known 

standard (151K), we sought to determine the relevance of polyreactivity among HIV-1 

bnAbs, and contrast them to nnAbs. We find that the four major bnAb classes (MPER, 

CD4bs, V1/V2, and V3-glycans) are significantly enriched for polyreactivity and 

autoreactivity, compared to nnAbs isolated from chronically infected donors (Figure 27 

and Figure 28). This is the first demonstration that polyreactivity and autoreactivity are 

not direct consequences of chronic infection or dysregulation of tolerance control 

mechanisms [331], but are specifically associated with neutralization activity. 

Several possibilities can explain the association of poly- and autoreactivity with 

bnAbs. First, the HIV-1 virion is coated with Env spikes at a very low density [217], 

preventing bivalent binding by antibodies. Polyreactive bnAbs are able to unspecifically 

bind other membrane molecules via heteroligation, thereby enhancing apparent affinity 

and neutralization [219, 220]. Second, the ability to interact with viral membrane lipid is 

functionally necessary for efficient neutralization of 4E10 and 2F5, by providing physical 

proximity to the transiently-available neutralization epitopes [182, 183]. Such 

requirement for lipophilic binding may contribute to polyreactivity, as much of the 4E10 

promiscuous binding to proteins is presumably mediated by hydrophobic interactions 
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(Figure 11). However, these functional requirements cannot alone explain increased 

polyreactivity and autoreactivity among bnAbs, as autologous neutralizing antibodies 

(that are “narrowly” neutralizing) exhibit low levels of poly- and autoreactivity (Figure 

27 and Figure 28). 

Besides a direct association with neutralization activity, polyreactivity can also 

be a result of hypermutation or long HCDR3 [332], which are in themselves important 

for bnAb function. For example, high frequencies of framework region mutations have 

been shown to be vital for neutralizing activity, likely by increasing the flexibility of 

antibody molecules [194]. In addition, the V1/V2 and V3-glycan classes of bnAbs require 

long HCDR3 regions to simultaneously interact with viral surface glycans and penetrate 

the glycan shield to reach amino acid residues [157]. However, the counterargument 

against this hypothesis is that neither mutation frequency nor HCDR3 length is 

correlated with the level of polyreactivity among bnAbs and nnAbs (Figure 27). In 

addition, when mutations are reverted back to the germline version, polyreactive bnAbs 

largely retain polyreactivity [219], while losing the ability to neutralize [194]. Therefore, 

the heightened poly- and autoreactivity cannot alone be explained by increased 

mutation rate or long HCDR3. 

Finally, our hypothesis of tolerance control and host-mimicry is consistent with 

the disparate patterns of poly-/autoreactivity between neutralizing bnAbs and nnAbs, as 

well as the high levels of somatic mutation seen in all bnAbs. We submit that conserved, 
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functionally important bnAb epitopes [325] undergo stronger evolutionary selection 

than evanescent epitopes of nnAbs that are readily altered by mutations [324]. 

Accordingly, many bnAb epitopes evolved to evade host immune regulation by 

mimicking host antigens, and as a result restrict the effective bnAb B cell repertoire [77, 

245, 295]. As the germline ancestors of bnAb B cells are absent or rare in the primary B-

cell repertoire, extraordinary levels of hypermutation may be the only pathway for 

peripheral B cells to acquire bnAb activity [225]. Hypermutation in germinal center B 

cells generates de novo autoreactivity [229]. We wonder, therefore, whether the increased 

poly- and autoreactivity among bnAbs (Figure 27 and Figure 28) is merely a byproduct 

of tortuous clonal evolution [225] necessary to gain substantial affinity to host-

mimicking epitopes. Our understanding of this question will benefit from detailed 

studies that isolate bnAb mutations to determine whether they are (and if they are, 

which ones are) essential for neutralizing activity. 

6.2 Host mimicry by HIV-1 

My research provides the first direct proof that host mimicry by HIV-1 restricts 

production of bnAbs. The 2F5 epitope of HIV-1 gp41 MPER, ELDKWA mimics 

identically the H4 domain of host protein KYNU (Figure 13) and highly effectively 

evades antibody generation (Figure 14). Similarly, the 4E10 epitope is camouflaged with 

similar conformation as a structural motif of human protein SF3B3 (Figure 11), and the 
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VRC01 epitope of CD4bs gp120 exhibits the same antigenic structure as a discontinuous 

determinant in UBE3A (Figure 30). 

Antibodies recognize three-dimensional surface shapes of antigens. Therefore, 

they do not require a specific amino acid sequence, but can recognize discontinuous, 

conformational epitopes. These conformational epitopes, however, are relatively 

challenging to pinpoint, requiring series of mutagenesis studies and structural modeling 

including X-ray crystallography (Figure 31). Fortuitously, the 2F5 bnAb recognizes a 

defined linear epitope [147]. By matching the amino acid sequence, we were able to 

identify the exact motif within autoantigen KYNU that is mimicked by the 2F5 epitope 

of HIV-1 (Figure 10). Structural delineation of full-length UBE3A and SF3B3, combined 

with computer prediction modelling may aid in the identification of candidate structural 

epitopes that are shared between HIV-1 and these autoantigens. 

Our findings confirm mimicry of host antigens as an effective strategy to mitigate 

humoral immunity in the host (Figure 14 and [295]). We submit that this evolutionary 

strategy is widespread and a principal component of the poor bnAb responses to HIV-1. 

However, our methodology relies heavily on the use of bnAbs, which are highly 

polyreactive and autoreactive (Figure 27 and Figure 28), effective indicators of “failed” 

immunological tolerance. Sampling antibodies following immune dysregulation is in 

itself a worthy approach to “see” what is invisible to a normally regulated immune 

system. However, logically it suggests that many more effective epitopes remain to be 
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identified that are mimicked by HIV-1 and successfully suppress antibody generation. 

Identification of these “cryptic” eclipsed antigens may be realized by computation-

intensive comparison of sequences and surface structures between HIV-1 Env and 

human proteins [135], and necessitate a high resolution structure of the native Env 

trimer [333]. 

As noted, bnAb epitopes are conserved and functionally important [157]. 

Presumably, they are evolutionarily under higher selection pressure and would become 

more beneficial for the virus to mimic host structures, than evanescent, non-neutralizing 

antibody epitopes. However, mimicry by nnAb epitopes in theory can also provide 

evolutionary advantage, if such mimicry functions to divert humoral responses from 

neutralizing epitopes. Indeed, many non-neutralizing epitopes of HIV-1 gp41 mimic 

commensal bacterial antigens and upon infection, activate pre-existing anti-bacterial 

antibody responses. Such immunodominant reactions, however, are not protective for 

the host [286, 334]. 

Not all CD4bs bnAbs are created equal. Although VRC01, VRC02, CH106, and 

CH103 all bind UBE3A (Figure 29), many others, including CH31 that is thought to 

contain a nearly identical paratope as VRC01 [163], do not exhibit substantial affinities 

for UBE3A (Figure 24). Such differences indicate minute, yet significant variances in the 

paratopes and epitopes of CD4bs bnAbs. Isolation of the UBE3A:VRC01 motif would be 

important to parse out these unknown differences between CD4bs bnAbs, and would 
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suggest that some CD4bs bnAbs are under tolerance suppression and therefore more 

difficult to induce than others. 

Of note, both KYNU and UBE3A, conserved mammalian proteins mimicked by 

HIV-1 neutralizing epitopes, are crucial components of tryptophan metabolism. KYNU, 

the enzyme that is mimicked by the 2F5 epitope of HIV-1 MPER [245], mediates 

cleavage of L-kynurenine into anthranilic acid [274], and UBE3A is involved in 

converting 5-hydroxyindoleacetate to 5-hydroxyindoleacetylglycine [335]. That two 

major HIV-1 bnAb epitopes mimic human proteins of the same pathway is intriguing, as 

tryptophan metabolites have been implicated in regulating both innate and adaptive 

immune activation [336], as well as neurological functions [337]. Indeed, hypomorphic 

mutations in the UBE3A gene cause Angelman Syndrome [338], a neurologic disorder; 

quinolinate, a kynurenine pathway product, has been implicated in AIDS-related 

dementia [339]. 

Host mimicry is inevitably a result of viral evolution, which is driven by 

repeated mutation and selection. As RNA viruses have the highest mutation rate, owing 

to their low fidelity polymerase, and extremely high survival pressure, I hypothesize 

that RNA viruses including HIV-1 and flu are more likely to evolve host evasion 

mechanisms including host mimicry. Indeed, it has been observed that increased 

polymerase fidelity reduces viral fitness in vivo [340] 
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6.3 Tolerance control of bnAb 

Host mimicry by HIV-1 bnAb epitopes suggests tolerance control of B cells with 

bnAb specificity. Indeed, as B cells mature in the C57BL/6 bone marrow, their frequency 

of MPER reactivity significantly decreases [295]. With mitigated tolerance mechanisms, 

humoral responses following MPER immunization is markedly enhanced. This is 

achieved when tolerance pressure by KYNU is selectively removed by a natural 

variation (Figure 14), or entirely bypassed by reconstitution of B cells that developed in 

the absence of tolerance [295]. Having established that the mimicked KYNU epitope 

suppresses protective humoral responses via immunological tolerance, we next studied 

the mechanisms of tolerance using 2F5 dKI and 4E10 dKI mice [237-239]. 

We find that the small pre-B cells of 2F5 dKI mice all exhibit the 2F5 specificity 

and bind self-antigen, KYNU (Figure 17). These B cells are autoreactive and therefore 

undergo dramatic developmental arrest (Figure 15). Sampling of the few surviving 

peripheral mature B cells reveals that autoreactivity to KYNU is completely abrogated 

(Figure 17) by means of LC receptor editing (Figure 19). Reactivity to cardiolipin, 

however, is largely retained within the post-tolerance mature compartment (Figure 17). 

Remarkably, the knock-in LC, and consequently reactivity to both KYNU and 

cardiolipin are preserved in a subset of peripheral anergic B cells (Figure 20) that were 

previously shown to be enriched for autoreactivity ([57, 82]). 
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2F5 recognizes KYNU and cardiolipin (Figure 11). The differential regulation of 

KYNU versus cardiolipin reactivity in the 2F5 dKI mature compartment indicates that it 

is the KYNU reactivity of 2F5 dKI small pre-B cells, but not cardiolipin binding that 

mediates tolerance. Indeed, less than 10% of cardiolipin binding is lost during B cell 

development (Figure 17), presumably because KYNU and cardiolipin interactions by 

2F5 are mediated by non-identical paratopes (Figure 11 and [182]). As both KYNU and 

cardiolipin are abundant and ubiquitous autoantigens available in the bone marrow 

[185, 245], we hypothesize that the 2F5 affinity towards cardiolipin is not sufficiently 

avid to “trigger” tolerizing mechanisms. Indeed, 2F5 displays significantly lower 

interactions with cardiolipin than 4E10 [182], while the 2F5:KYNU interaction has a 

nanomolar affinity [245]. 

As the 2F5 HC single knock-in mice also exhibit B cell developmental blockade 

[237], we reason that most endogenous LCs confer physiologically relevant levels of 

autoreactivity when paired to the 2F5 HC. Therefore, only a minority of LCs are capable 

of “vetoing” the autoreactivity of the offending knock-in HC, and should be enriched in 

the post-tolerance MF compartment. When analyzing the V(D)J sequences of mature B 

cells in the 2F5 dKI mice, we noticed significant overrepresentation of certain LC 

families (Figure 19). We conclude that these enriched LCs are “editor” LCs that are more 

efficient at removing the HC autoreactivity. The editor LC is well known. Mice bearing 

the 3H9 anti-DNA HC mainly utilize four out of 93 functional V LCs, even though 
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engagement of these LCs require multiple rearrangements [73]. The high aspartate 

content of these editor LCs were found to neutralize DNA reactivity [73], and their 

human counterparts are also found to be highly enriched in human B cells expressing 

HCs that confer DNA reactivity [303]. 

Of note, the peripheral anergic population contains partial autoreactivity (Figure 

20). Compared to mature B cells, these anergic B cells exhibit a reversed rank order of LC 

usage (Figure 21B), which suggests distinct clonal lineages. One anergic clone (GY38) 

was found to bind autoantigens, albeit with much weaker affinities than the 2F5:KYNU 

interaction (Figure 22). We wonder whether the intermediate level of autoreactivity 

suggests multiple thresholds during B cell development, i.e. the autoreactivity of anergic 

B cells is not debilitating enough to induce clonal deletion, but too precarious for the B 

cells to enter the circulating mature naive pool. The presence of anergic B cells may be 

significant. It has been proposed that these autoreactive B cells are subject to delayed 

deletion due to absence of cognate T cell help [98]. However, they may enter germinal 

center reactions and lose autoreactivity following hypermutation [104], thereby 

increasing the effective repertoire. 

Our identification of peripheral anergic B cells with 2F5 HC and LC specificity 

(Figure 21) suggests a potential target for activation by immunization. It has been 

demonstrated that the unresponsiveness of anergic B cells is reversed when 

autoantigens are disassociated from autoreactive BCRs [88, 89]. Our efficient activation 



 

186 

of anergic B cells in vitro also suggests that T cell help (CD154) is sufficient and essential 

for the reacquisition of responsiveness by anergic B cells. However, to provide cognate 

T-cell help is challenging, as T-cell tolerance is much more strict and complete than B-

cell tolerance [98]. Such limitation of cognate helper T cells can be bypassed using 

immunogens that are covalently linked to a foreign carrier protein. T cells to the carrier 

protein are not autoreactive and should be efficiently expanded. This strategy can be 

highly effective to induce autoreactive humoral responses [341], and remains to be 

tested for its effectiveness in vaccine design. 

A caveat of our study is the use of mature, mutated forms of bnAbs. Mutated 

bnAbs are perfectly fine for identification of mimicking epitopes (Figure 10): mature 

bnAbs that bind HIV-1 with high affinity would also bind host antigens that are 

mimicked by HIV-1. However, tolerization of mutated bnAbs may not fully represent 

the tolerization pathway of bnAb generation in vivo. As naive B cells do not contain any 

mutations, it remains to be studied whether germline versions of bnAbs are sufficiently 

autoreactive to trigger adverse consequences imposed by tolerance. 

Depending on the autoreactivity of the unmutated bnAb, two possibilities exist 

that affect bnAb generation in vivo. First, some unmutated ancestors of bnAbs are 

polyreactive and/or autoreactive [219]. Indeed, mice with the 2F5 unmutated common 

ancestor (UCA) knockin exhibit significant B cell developmental blockade [342], 

suggesting that the B cells expressing the 2F5 germline are absent in the naive repertoire 
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of a healthy host. Thus, only crossreactive but non-optimal naive B cells are available for 

activation following infection or immunization, requiring extensive mutations to achieve 

considerable affinity [157]. Second, if the germline version of a bnAb is not autoreactive, 

e.g. CH103 [165], then the corresponding naive B cell is available for activation. In this 

case, far fewer mutations are required to produce bnAbs [165]. However, these genetic 

mutations are likely to introduce “de novo” autoreactivity and are thus restricted during 

the germinal center response. The mechanisms for such limitation are less well-

understood and may involve regulatory T cells [104]. 

Our results raise a mechanistic question: as an intracellular protein, how does 

KYNU mediate tolerance of developing B cells in the bone marrow? Besides KYNU, 

typically intracellular antigens including the nucleic acid DNA can induce efficient 

tolerance control of offending B cells [50]. The molecular mechanisms of tolerance are 

not entirely known, although BCR crosslinking and signaling have both been shown to 

be essential [60-62]. This suggests that KYNU molecules are available for binding by 

BCRs in the bone marrow. Because bone marrow epithelial cells are not known to 

express an AIRE counterpart that samples various self-antigens for developing 

lymphocytes [93], we reason that normally intracellular self-antigens routinely become 

available to autoantibodies and self-reactive B cells through physiological events, 

including apoptosis, autophagy, etc. to mediate immunological tolerance and when 

tolerance fails, sustain systemic autoimmune disease. 
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6.4 Insights for bnAb induction 

Production of 2F5 bnAb is clearly proscribed by immunological tolerance. How 

are MPER bnAbs made and isolated from chronically infected patients? At least three 

pathways exist for induction of bnAbs that are subject to tolerance control, and are not 

mutually exclusive. First, the donor may contain a genetic variation within the 

mimicked protein epitope that does not exert tolerizing pressure for the bnAb epitope. 

In the case of 2F5, natural mutations of the KYNU gene is well documented [343]. 

Second, some donors may have developed autoimmune syndromes that allow for 

production of autoantibodies. For example, CH98 is isolated from an SLE/HIV-1 

individual and binds CD4bs as well as autoantigen DNA [162]. Lastly, chronic infection 

fosters an environment conducive for autoreactive antibody generation, either through 

breakdown of immune tolerance [331] or after years of germinal center hypermutation 

that increases autoreactivity [229, 344]. 

Generation of knock-in mice bearing mutant KYNU that loses 2F5 antigenicity 

(Figure 10) is one way to study induction of 2F5 in subjects with the KYNU mutation. 

These animals also offer the final test for whether the KYNU H4 epitope alone is 

sufficient and necessary to induce immune tolerance to 2F5. If this is the case, then the 

2F5 dKI mice would exhibit intact B cell development when crossed onto the mutant 

KYNU background. 
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How to induce bnAbs in individuals without any KYNU mutations? Besides 

activation of potentially autoreactive anergic B cells discussed above, B cell lineage 

design may be a viable strategy. It is known that the germinal center response frequently 

generates autoreactive B cells, which further differentiate into memory B cells [344]. 

Indeed, nearly half of human IgG memory B cells exhibit HEp-2 reactivity, most of 

which are created de novo by somatic hypermutation [229]. Serial immunizations using 

heterologous antigens may be effective to activate the correct germline B cell and guide 

it through desired, but unfavorable maturation pathway [225]. However, it is critical that 

these vaccine antigens minimize the induction of autoreactivity while compelling robust 

responses to HIV-1 neutralizing epitopes [311]. 

Even if high titers of autoreactive bnAbs are induced, they may not necessarily 

lead to adverse consequences. In the case of 2F5, large doses of 2F5 infusion in primates 

and human patients have induced little, if any adverse effects [149, 152, 154]. Indeed, we 

find that 2F5, even at high doses fail to inhibit the enzymatic activity of KYNU. 

Inducing antibodies that bind the 2F5 epitope is only the first roadblock to 

overcome. The mouse antibody 13H11 shares part of its epitope with 2F5 and partially 

cross-blocks 2F5 binding; however, 13H11 fails to neutralize HIV-1 [182]. Structural 

analysis revealed that 13H11 recognizes a post-fusion six-helix bundle conformation, 

whereas 2F5 binds the fusion intermediate conformation [211, 345]. Therefore, 2F5 must 

recognize the epitope in correct form, the pre-hairpin fusion intermediate that is 
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transiently available on the viral envelope [181]; this is the second roadblock. The third 

roadblock is to induce antibody with lipid reactivity. The extended, hydrophobic 

HCDR3 of 2F5 is thought to interact with virion membrane lipids in order to capture the 

transient MPER polypeptide [182]. Indeed, removal of either lipid-reactivity or the 

appropriate MPER peptide specificity results in complete loss of HIV neutralizing 

activity [182, 183]. 

6.5 Concluding remarks 

Whereas the lack of bnAb generation was previously attributed to “imperfect” 

immunogens, the results of this study indicate that mimicry of host antigens by HIV-1 

can camouflage vulnerable sites of HIV-1 and evade effective humoral responses. Such 

immune evasion takes advantage of host immune tolerance mechanisms that are already 

in place to avoid autoimmunity, and may be a widespread consequence of pathogen and 

host coevolution.
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Appendix A 

Table 3: Characters of studied bnAbs 

Viral 

Epitope 

Clonal 

Family 
 VH 

HCDR3 

Length 

VH Mut 

(%nt) 
Isotype VL 

LCDR3 

Length 

VL Mut 

(%nt) 
Source Derived 

Neutralization 

Breadth
†
 

Neutralization 

Potency
‡
 

Auto- or 

polyreactivity** 
References 

CD4bs 

VRC01-03 

VRC01 1-2 14 32 IgG1 K3-20 5 17 

chronic 

infection 
45 

rAb 

++++ +++ 
Autoreactive 

(UBE3A) 
[346] 

VRC02 1-2 14 32 IgG1 K3-20 5 19 ++++ +++ - [346] 

VRC03 1-2 16 30 IgG1 K3-20 5 20 ++++ +++ - [346] 

VRC07 1-2 16 35.7 IgG1 K3-20 5 17 ++++ +++ Polyreactive [159, 160] 

NIH45-46 1-2 16 30 IgG1 K3-20 5 -- ++++ +++ Polyreactive [192] 

CH98 CH98 3-30 21 25.3 IgG1 L2-23 5 16 

chronic 
infection 

w SLE 

CH5329 

rAb ++ NR Polyreactive [162] 

VRC-

CH30-34 
CH31 1-2 13 24 IgG1 K1-33 5 15 

chronic 

infection 

0219 

rAb +++ +++ Polyreactive [164, 347] 

CH103-106 
CH103 4-59 15 15.1 IgG1 L3-1 10 12 

Infected 

CH505 
rAb 

++ ++ Polyreactive [348] 

CH106 4-59 15 16 IgG1 L3-1 10 11.2 ++ ++ Polyreactive [348] 

MPER 

2F5 2F5 2-5 22 14 IgG3 K1-13 9 11.8 Infected 
hybridoma/

rAb 
++ ++ 

Autoreactive 

(KYNU, 

CMTM3) 

[349, 350] 

4E10 4E10 1-69 18 14 IgG3 K3-20 9 10.5 Infected 
hybridoma/

rAb 
++++ ++ Polyreactive 

[167, 350, 

351] 

10E8 10E8 3-15 20 21 IgG3 L3-19 12 14 
Infected 

N152 
rAb ++++ +++ 

Autoreactive 

(FAM84A) 
[352] 

CAP206-

CH12 
CH12 1-69 15 12 IgG1 K3-20 11 5 

Chronic 

infection 

CAP206 

rAb + ++ - [167] 
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(Table 3, continued) Characters of studied bnAbs 

Viral 
Epitope 

Clonal 
Family 

 VH 
HCDR3 
Length 

VH Mut 
(%nt) 

Isotype VL 
LCDR3 
Length 

VL Mut 
(%nt) 

Source Derived 
Neutralization 

Breadth
†
 

Neutralization 

Potency
‡
 

Auto- or 
polyreactivity** 

References 

V1/V2-

glycan 

PG9, PG16 
PG9 3-33 28 14.9 IgG1 L2-14 11 10.1 

Chronic 

infection 
rAb 

+++ +++ Polyreactive [353-355] 

PG16 3-33 28 14.5 IgG1 L2-14 11 12.5 +++ +++ - [353-355] 

CH01-04 
CH01 3-20 24 13.3 IgG1 K3-20 9 10 Chronic 

infection 
CH0219 

rAb 
+ ++ - [356] 

CH03 3-20 24 12 IgG1 K3-20 9 10.6 + ++ - [356] 

PGT141-

145 
PGT145 1-8 31 18 NR K2-28 9 16 

chronic 
infection 

84 

rAb +++ +++ - [172] 

V3-glycan 

2G12 2G12 3-21 14 21 IgG1 K1-5 9 18.4 Infected 
hybridoma/

rAb 
+ ++ - 

[349, 357, 
358] 

PGT121-

123 
PGT121 4-59 24 17 NR L3-21 12 18 

chronic 
infection 

17 

rAb ++ ++++ - [172] 

PGT125-

131 

PGT125 4-39 19 20 NR L2-8 10 15 chronic 

infection 

36 

rAb 
++ ++++ Polyreactive [172] 

PGT128 4-39 19 19 NR L2-8 10 14 ++ ++++ Polyreactive [172] 

*Adapted from [157]. 

† Adapted from [157]. Breadth indicated for Abs tested on large panels of >100 tier 2 Env pseudoviruses. Values indicate 

percentage of viruses that were neutralized at an IC50< 50 µg/ml: ++++ ≥90%; +++ = 75-90%; ++ = 50-74%; + ≤50%; - indicates no 

neutralization of diverse tier 2 viruses. 

‡ Adapted from [157]. Potency indicated by mean IC50 (µg/ml) of neutralized viruses: ++++, < 0.05; +++  =0.05-0.49; ++ =0.5-4.9; 

+ =5.0-50.  

**Polyreactivity and Autoreactivity determined using protein microarray (Figs. 5, 6). Polyreactive Abs bind all array proteins 

on average >2-fold more avidly than control 151K (PI > 0.21); autoreactive Abs are not polyreactive (PI ≤ 0.21), but bind 

specific array proteins ≥500-fold stronger than 151K. 
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Table 4: Characters of studied nnAbs 

Viral 
Epitope 

Clonal 
Family 

 VH 
HCDR3 
Length 

VH Mut 
(%nt) 

Isotype VL 
LCDR3 
Length 

VL Mut 
(%nt) 

Source Derived 
Neutralization 

Breadth
†
 

Neutralization 

Potency
‡
 

Auto- or 
polyreactivity** 

References 

V2 linear CH58 CH58 5-51 19 1.8 IgG1 6-57 9 1.8 RV144 

vaccinee 
347759 

rAb - - - [312] 

V2 linear CH59 CH59 3-9 13 2.8 IgG1 3-10 11 0.9 rAb - - - [312] 

V2 HG107 HG107 3-9 14 2.3 IgG1 3-10 10 0.9 
RV144 

vaccinee 

200134 

rAb - - - [312] 

V2 HG131 HG131 3-30 13 5.2% IgG1 L3-25 10 2.9% 

RV144 

vaccinee 

302689 

rAb - - Polyreactive 

Bonsignori 

et al 

unpublished 

V3 loop F39F F39F        Infected  - - 
Autoreactive 

(PACRG1) 
[359] 

V3 loop 19b 19b    IgG1    
Infected 

N70 
EBV - - - [360, 361] 

C1 A32 A32 4-30 15 10.3% IgG1 L2-8 10 5.1% Infected   - - [362] 

CD4i 17b 17b 1-69 19 27 (H+L) IgG1 K2 12 
27 

(H+L) 
Infected   - - [359] 

CD4i 48d 48d 1-24 10 23 (H+L) IgG1 K19 8 
23 

(H+L) 
Infected   - - [359] 

*Adapted from [157]. 

† Adapted from [157]. Breadth indicated for Abs tested on large panels of >100 tier 2 Env pseudoviruses. Values indicate 

percentage of viruses that were neutralized at an IC50< 50 µg/ml: ++++ ≥90%; +++ = 75-90%; ++ = 50-74%; + ≤50%; - indicates no 

neutralization of diverse tier 2 viruses. 

‡ Adapted from [157]. Potency indicated by mean IC50 (µg/ml) of neutralized viruses: ++++, < 0.05; +++  =0.05-0.49; ++ =0.5-4.9; 

+ =5.0-50.  

**Polyreactivity and Autoreactivity determined using protein microarray (Figs. 5, 6). Polyreactive Abs bind all array proteins 

on average >2-fold more avidly than control 151K (PI > 0.21); autoreactive Abs are not polyreactive (PI ≤ 0.21), but bind 

specific array proteins ≥500-fold stronger than 151K. 
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