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Abstract 

Some HIV infected people develop broadly neutralizing antibodies (bNAbs) that block many 

diverse unrelated strains of HIV from infecting target cells, and through passive immunization, 

protect animals from SHIV infection. Therefore, understanding the development of bNAbs and 

their neutralization can inform the design of an HIV vaccine. We investigated the genetic basis 

for the neutralization capacity of members of a bNAb family that target the variable loop 2 (V2) 

of the HIV-1 Envelope trimer. This lineage, CAP256-VRC26, contains bNAbs and closely 

related “off-track” members that lack breadth. We found that few mutations in the third 

complementarity-determining region of the heavy chain (CDRH3), which forms most of the 

paratope, restricts the breadth of two off-track antibodies. Furthermore, we established that a 

globally rare viral variant guided one of these antibodies away from breadth, indicating that 

vaccine immunogens should represent common circulating strains. Analysis of the sequence 

of the unmutated common ancestor (UCA) of the CAP256-VRC26 lineage showed that the off-

track mutations were predicted to occur with a higher probability than the breadth-conferring 

mutations. Most of the improbable mutations were located in the CDRH3 and we found that 

transferring the CDRH3 from bNAb CAP256.25 into the CAP256.UCA introduced breadth and 

tolerance for emerging viral variants. In addition, we showed that the framework and light chain 

contributed to potency and that the second complementarity-determining region of the light 

chain forms part of the paratope of CAP256.25. Together, approximately half of the mutations 

in CAP256.25 were necessary for broad neutralization, indicating that immunogens that target 

affinity maturation to key sites, including the CDRHs and light chain, could rapidly elicit breadth. 

In addition to neutralization, antibodies mediate effector functions via the Fc domain which is 

important for both active and passive immunization. By determining the breadth and effector 

functions of newly identified IgG4 class switched members of the CAP256-VRC26 lineage, we 

showed that effector functions can vary dramatically across related antibodies and the Fab 

sequence can impact these functions. Furthermore, we demonstrated that IgG4-mediated 

phagocytosis was greater than IgG1 matched antibodies which may be important for passive 

immunization since both IgG1 and IgG4 cross into the placenta. Together, we have identified 

key regions and mutations that confer breadth and potency, and modulate Fc effector function 

for a V2-specific bNAb lineage. This informs the design of a vaccine that directs affinity 

maturation and the formulation of functional monoclonal antibodies for passive immunization.  
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1. Introduction 
 

 Human immunodeficiency virus (HIV) 

1.1.1 The HIV pandemic 

During the 1980s there were increasing reports of a fatal acquired immunodeficiency syndrome 

(AIDS) [1–4] that was caused by the human immunodeficiency virus (HIV) [5,6]. Spread through 

sexual contact and contaminated blood products, the incidence of HIV infection rapidly 

increased [7]. Over the ensuing decades, HIV/AIDS has had devastating social and public 

health consequences with close to 40 million people dying of AIDS-related illnesses [8]. Today, 

approximately 37 million people are living with HIV, with sub-Saharan Africa experiencing the 

highest HIV/AIDS burden [8]. However, HIV/AIDS was transformed from a terminal disease to 

a chronic manageable illness [9] during the mid-1990s when combination antiretroviral therapy 

(ART) became available [10,11]. In addition, the development of, and access to, effective 

preventative measures has reduced new infections by 50% since the peak in the 1990s [8]. 

Condoms and pre-exposure prophylaxis reduce the risk of infection by 80-90% and intravaginal 

rings and microbicidal gels decrease infection by 50-70% [12–18]. Improvements in public 

health services have ensured that nearly 80% of people who know their status receive ART 

and approximately 50% of all infected individuals are virally suppressed [8]. Sustained viral 

suppression decreases morbidity, increases life-expectancy and profoundly reduces the risk 

of sexual [19] and perinatal [20] transmission of HIV. Despite continued progress, a 

preventative vaccine is urgently needed as more than a million people become infected with 

HIV each year [8]. 

 

1.1.2 The origin of HIV 

HIV is related to the simian immunodeficiency virus (SIV) which is endemic to more than 40 

species of Old World African primates [21]. At least five independent zoonoses of SIV have 

occurred, giving rise to HIV type 1 (HIV-1) groups M, N, O and P, and HIV type 2 (HIV-2) [22,23]. 

The pandemic form of HIV-1, group M, was likely transmitted from an SIV infected chimpanzee 

in the Democratic Republic of the Congo in the early 20th century [22,24]. Group M consists of 

nine subtypes (A-D, F-H, J and K) and nearly 100 circulating recombinant forms (CRF) [25]. 

Globally, subtype C is the most prevalent (47% of infections) and is predominant in sub-

Saharan Africa [26]. Subtype A (10%) is common in central and eastern Africa and eastern 

Europe, and subtype B (12%) is widespread in the Americas and western Europe [22,24,27]. 
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CRF02_AG (9%) and CRF01_AE (5%) are commonly found in west and central Africa, 

respectively [26]. Group O and P viruses are related to gorilla SIV [28,29], and group N viruses  

are related to chimpanzee SIV [30]. These viruses are rare and typically found in equatorial 

west Africa where group O viruses account for <1% of infections and only 16 group N and two 

group P infections have been identified thus far [22,28–30]. HIV-2 is derived from SIV infected 

sooty mangabeys and accounts for 5% of global infections, predominantly in north west Africa 

[31,32]. 

 

1.1.3 HIV genome and virus structure 

Like other lentiviruses, HIV reverse transcribes its RNA into DNA before it is integrated into the 

host cell’s genome [33]. HIV is spherical, 100-120 nm in diameter and surrounded by a lipid 

membrane [33]. The genome consists of two single strands of positive sense RNA (9200-9600 

nucleotides) that encode nine genes which are flanked by long terminal repeats (LTR) (Figure 

1.1 A)  [34,35]. The gag gene is adjacent to the 5’ LTR and is transcribed in the first reading 

frame and translated into a 55 kDa precursor (Pr) protein, Gag (Pr55), which is cleaved to form 

the matrix (MA, p17), capsid (CA, p24) and nucleocapsid (NC, p7) structural proteins (Figure 

1.1 A) [34,36]. MA lines the inner side of the viral membrane and CA forms the hexameric 

lattice of the fullerene-shaped virion core [37]. Within the core, the viral genome associates 

with, and is protected by, the NC (Figure 1.1 B) [37]. Gag is followed by pol which encodes the 

reverse transcriptase (RT, p51), integrase (IN, p31), protease (PR, p10) and RNase H (p15) 

enzymes in the third reading frame (Figure 1.1)  [34]. RT synthesizes DNA from the viral RNA, 

RNase H degrades the RNA template, IN integrates the provirus into the host genome [38] and 

PR cleaves the polyproteins into the constituent proteins [36,39]. Env (gp160) follows pol in the 

same reading frame and encodes the gp120 and gp41 surface glycoproteins (Figure 1.1) [40]. 

The regions encoding the viral infectivity factor (Vif, p23), viral protein r (Vpr, p15) and viral 

protein u (Vpu, p16) are located between pol and env [41]. Negative regulatory factor (Nef, p27) 

is adjacent to the 3’ LTR and the regulator of the expression of virion proteins (Rev, p19) and 

HIV trans-activator (Tat, p14) are translated at sites flanking env (Figure 1.1 A) [35,41]. 

 



 3 

 

Figure 1.1. The genome and structure of HIV-1.  

(A) The genome of HIV-1 is ~9.4 kb and consists of two single stranded RNA molecules that encode gag (blue), pol 

(pink), env (blue), nef, vpr, vif, vpu (green), tat and rev (orange) [33]. The molecular weights of each protein (p) are 

shown in kDa. (B) Gag is translated into three major structural proteins, including the matrix (MA), capsid (CA) and 

nucleocapsid (NC) [36]. Pol encodes the protease (PR), reverse-transcriptase (RT), integrase (IN) and RNase H 

enzymes. Env (envelope) is transcribed into the surface glycoproteins, gp41 and gp120 [36]. The regulatory proteins 

are necessary for translation of the provirus [33]. Figure adapted from pdb101.rcsb.org/browse/hiv-and-aids. 

 

1.1.4 HIV diversity 

The exceptional plasticity of the HIV genome allows for rapid evolution, resulting in resistance 

mutations to ART and immune responses [42]. Since the error-prone viral RT and host RNA 

pol II lack proof-reading capabilities, as many as 3.4 x 10-5 mutations per base per replication 

cycle are introduced [43,44]. Furthermore, there is extensive recombination during reverse 

transcription, as RT moves as many as 5-14 times between templates [45]. Together with high 

viral load [46] and high virus turnover [47], escape mutations quickly develop because every 

possible single point mutation, and most double mutations, appear daily within an infected 

individual [48]. Consequently, HIV exists as a heterogeneous quasi-species with the sequence 
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of env differing by up to 5% within an infection person, 10-15% within subtypes, 20-30% 

between subtypes and 30-50% between groups [42,49]. Therefore, a successful vaccine must 

elicit protective immunity against substantially different HIV types, groups and subtypes. 

 

 The life cycle of HIV-1 

The primary entry receptor for HIV-1 is the cluster of differentiation 4 (CD4) and the co-

receptors are the C-C chemokine receptor type 5 (CCR5) or the C-X-C chemokine receptor 

type 4 (CXCR4) [50]. Helper T-cells (subsequently referred to as T-cells) and memory T-cells 

are particularly permissive to HIV as they express high levels of CD4 and CXCR4, and CD4 

and CCR5, respectively [51]. Env mediates entry by binding to CD4 and CCR5/CXCR4 which 

initiates a cascade of conformational changes resulting in the fusion of the viral and target cell 

plasma membranes [50], discussed in detail in 1.3. 

 

Following fusion, the virion core is delivered into the cytoplasm where it disassembles, 

releasing the dimeric RNA genome [52]. The core rearranges to protect the genome from 

innate immune sensors [53] and to facilitate reverse transcription [54]. Further CA changes 

drive the migration of the transcribed DNA into the nucleus and its integration into an actively 

expressed site in the host genome [38]. Basal transcription produces transcripts that are doubly 

spliced and are translated into the regulatory proteins Tat, Rev and Nef [35,55]. Subsequent 

transcription increases dramatically as Tat improves the processivity of RNA pol II [55]. Rev 

exports the viral mRNA from the nucleus before splicing [56] allowing for the translation of Vif, 

Vpr, Vpu, Env, Gag and Gag-Pol [35]. A stop codon and a secondary structure between gag 

and gag-pol stalls translation which shifts the reading frame [35] such that Gag and Pol are 

produced in the ratio necessary virus assembly (2,500 Gag:125 Pol molecules) [57]. Gag 

embeds into the host membrane via the myristoylated N-terminal MA domain and the CA 

subunit oligomerizes and forms a continuous hexameric lattice [36,52]. The lattice surrounds 

the NC which binds to, and condenses, two copies of the viral genome via zinc fingers [58]. Vif, 

Vpr and host factors associate with the NC and are packaged within the CA [52] and Nef binds 

to the cytoplasmic tail of gp41. Together Vif, Vpr and Nef are indispensable for viral infectivity, 

immunosuppression and cellular activation [41]. 

 

Through an interaction between the gp41 cytoplasmic tail and MA, 7-21 Env [59] embed into 

the cell membrane at the sites of budding viruses [39]. The membrane proximal external region 

(MPER) consists of the C-terminus of gp41 and the extracellular portion of the transmembrane 

domain [60]. The gag encoded p6 protein recruits the host cell’s endosomal transport 



 5 

machinery which extrudes the viral core from the cell [39]. During or following release, 

autoproteolysis frees PR which then cleaves the Gag and Pol polyproteins, releasing the 

structural and enzymatic subunits [39,61]. This results in the maturation of the virus into 

infectious particles [39] through the reorganization of the core into a fullerene cone [61].  

 

 HIV-1 Envelope (Env) 

Env is trimeric and consists of three gp120 molecules non-covalently bound to three gp41 

molecules [62–64] (Figure 1.2). The outer domain of gp120 is formed by five heavily 

glycosylated variable loops (V1-5) which shield an inner domain of five constant regions (C1-

5) [64,65]. Although the prefusion trimer is generally in a closed conformation, it transiently 

samples open states [66]. Therefore, the trimer apex, formed by V1, V2 and V3, briefly reveals 

sites in C2 (loop D, Figure 1.2, light pink) and C3 (CD4 binding loop, Figure 1.2, brown) to CD4 

which destabilizes the trimer thereby exposing a bridging sheet of β-barrels in C1, C2 and C4 

[67] and the V3 GDIR co-receptor binding site motif (mustard) to CCR5 or CXCR4 [68]. These 

changes reorder gp41 and promote gp120 dissociation [69], which reveals the hydrophobic N-

terminus of gp41, the fusion peptide (Figure 1.2, cyan), which inserts into the membrane of the 

target cell [70]. Finally, the viral and target cell membranes are brought together by the bundling 

of six alpha helices that connect the fusion peptide to the MPER [40,70]. 

 

 

Figure 1.2. The HIV-1 Env trimer.  

The surface of HIV-1 is decorated by trimers that are formed by three non-covalently linked gp120-gp41 

heterodimers [62–64]. Gp120 consists of five variable regions (V1-5) interspersed with five constant regions (C1-5), 

with V1V2 (red and orange) forming the trimer apex [62–64]. Gp120 projects from the virus and at the proximal end 

of gp41 (blue) is the MPER (green) which is embedded in the viral membrane (grey dotted line). Glycans are shown 

as sticks (black). The figure is based on gp41 (PDB: 4G6F) and Env trimers (PDB: 5FYJ and 4TVP). 
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Approximately half of the mass of Env is comprised of glycans and since these structures are 

self-derived, the trimer is generally protected from immune recognition [71]. N-linked 

glycosylation begins in the endoplasmic reticulum where oligomannose glycan precursors are 

covalently attached to nascent proteins at N residues in the N-X-S/T (where X is any amino 

acid besides P) motif [72]. If accessible, the terminal moieties are partially or fully trimmed 

allowing for the addition of carbohydrate components (including fucose, galactose and sialic 

acid) to form hybrid or complex type glycans, respectively [73].  

 

 HIV-1 pathogenesis 

Although the risk of HIV transmission is greatest for blood transfusions and vertically from 

mother-to-child, most infections occur during sexual intercourse [74]. Following the exposure 

of mucosae to infected fluids, HIV encounters Langerhans cells which bind to virions via C-

type lectin receptors, leading to the internalization and degradation of the virus [75]. While 

Langerhans cells and local dendritic cells are relatively resistant to infection due to low 

expression of the entry receptors and the activity of intracellular restriction factors [76–81], 

these cells transport infectious virus to T-cell rich sites in secondary lymphoid organs [82]. Here, 

naïve T-cells probe the surface of dendritic cells as they search for cognate antigen [83]. 

Microdomains on the dendritic cell plasma membrane rich in HIV-1 efficiently transfer one to 

five virions (the transmitted/founder virus/es, T/F) to T-cells across a virological synapse [83–

85]. An infection is rapidly established due to the short life cycle of ~2 days [86] and the 

production of up to 5x104 viruses by an infected T-cell each day [87]. The acute infection lasts 

for ~1 month and is characterized by an exponential increase in viremia, massive T-cell 

depletion and the establishment of a latent viral reservoir [88]. T-cell depletion in the gut-

associated lymphoid tissues (GALT) results in chronic immune hyperactivation since the ability 

of these tissues to prevent systemic translocation of microbial products is compromised [89]. 

Viremia peaks at ~5x106 RNA copies/mL and decreases to a stable set point of ~2x104 RNA 

copies/mL as an effective cytotoxic T-lymphocyte (CTL) response develops [90,91]. Although 

most individuals remain asymptomatic for 8-10 years [92], the length of the chronic infection 

varies substantially, partly due to differing CTL specificities [93] and human leukocyte antigen 

class I (HLA-1) allele diversity [94,95]. Ultimately, chronic immune hyperactivation, diminishing 

T-cell turnover and increasing senescence and apoptosis profoundly impairs the adaptive 

immune response [96,97]. Consequently, most individuals become increasingly susceptible to 

opportunistic infections, which if left untreated, culminates in AIDS and death after 1-2 years 

[97]. 
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 Humoral immunity 

While CTL kill infected cells, the extracellular spaces are protected from pathogens by 

antimicrobial peptides, complement and antibodies [98].  

 

1.5.1 Antibody structure 

Antibodies, or immunoglobulins (Ig), neutralize microbes by obstructing their entry into target 

cells [99], activate the complement cascade and drive cell-mediated effector functions [98]. 

Antibodies are large (~150 kDa) “Y” shaped glycoproteins consisting of two symmetrical halves 

joined by a disulfide bond (Figure 1.3) [100]. The Fab (fragment of antigen binding) domain, at 

the N-terminus, is formed by two variable heavy chains and two variable light chains connected 

by a disulfide bond (Figure 1.3) [100]. The variable heavy and light chains consist of three 

relatively invariant framework (FR) regions that support three variable complementarity-

determining regions (CDR) (Figure 1.3, inset) [100]. Regions of the Fab forms the antigen-

binding surface (paratope) which interacts with its target (epitope) via hydrogen bonds, 

hydrophobic interactions and van der Waals forces [101]. Therefore, the sequence and 

conformation of the Fab determines the specificity of the antibody [100,101]. The Fab is linked 

by a hinge to the C-terminus Fc (fragment crystallizable) domain and the identity of the Fc 

(isotype) governs the effector functions by differentially binding to Fc-receptors (FcR) on 

effector cells (Figure 1.3) [100].  

 

 

Figure 1.3. Antibodies consist of variable heavy and light chains, and constant domains.  

Monomeric antibodies are composed of two sets of variable heavy chains (VH) and variable light chains (VK or VL), 

linked to a constant domain, forming the Fab [100]. The inset shows the antigen binding surface (paratope) which 

is formed by the CDRL1 (blue), CDRL2 (green), CDRL3 (lavender), CDRH1 (orange), CDRH2 (mustard) and 

CDRH3 (salmon). The Fab is connected by a hinge (black) to the Fc region which is composed of constant domains 

(CH) [100]. This schematic is based on the structure of a murine IgG2 antibody (PDB: 1IGT).  
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1.5.2 Antibody genetics and VDJ recombination 

Each individual has 38-46 IGHV, 23 IGHD, six IGHJ genes and nine constant genes (IGHD, 

IGHM, IGHG1-4, IGHA1-2 and IGHE) located on chromosome 14 [98,102]. The Ig heavy chain 

is the product of a recombined IGHV, IGHD and IGHJ gene (Figure 1.4, upper panel). IGHV 

encodes the CDRH1 and CDRH2, and the CDRH3 is at the junction of the recombined VDJ 

genes (Figure 1.4, lower panel, Figure 1.3, inset). The FR1, FR2 and FR3 regions are encoded 

by IGHV and the FR4 is a product of the IGHJ gene. There are 34-38 IGKV, five IGKJ and one 

IGKC gene on chromosome two, and 29-33 IGLV, 4-5 IGLJ and 4-5 IGLC genes on 

chromosome 22. Both the IGKC and IGLC constant chains have only one domain. The light 

chain is encoded by an IGKV or IGLV gene recombined with an IGKJ or IGLJ gene, 

respectively (Figure 1.4, upper panel). The light chain, including the FR1, CDRL1, FR2, CDRL2 

and FR3 are translated from an IGKV or IGLV gene (Figure 1.3, inset). The CDRL3 is at the 

junction between IGKV/IGKJ or IGLV/IGLJ genes, and the FR4 is encoded by the IGKJ/IGLJ 

gene (Figure 1.4, lower panel, Figure 1.3, inset). 

 

 

Figure 1.4. Antibodies are formed by variable and constant domains.  

(Upper panel) Recombination between IGHV (red), IGHD (green) and IGHJ (yellow) forms the heavy chain. (Lower 

panel) The CDRH3 is encoded by the sequence at the junction of these three genes [98]. (Upper panel) The light 

chain consists of a recombined IGKV (red) or IGLV (yellow) gene with an IGKJ or IGLJ gene, respectively [100,103]. 

(Lower panel) The CDRL3 sequence is formed at the junction of these two genes [98]. (Lower panel) The heavy 

constant (blue) domains are formed by one of nine different isotypes while each light chain constant domain is 

encoded by one gene each. Figure adapted from [98]. 
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Recombination is carried out by the VDJ recombinase set of enzymes which include RAG1/2, 

Artemis and terminal deoxynucleotidyl transferase (TdT) (Figure 1.5) [104,105]. RAG1/2 brings 

together genes for rearrangement by binding to recombination signal sequences (RSS) that 

flank the Ig genes (Figure 1.5) [104,105]. The DNA between the RSS and V, D and J genes is 

nicked resulting in the excision of the intervening DNA and the formation of hairpins [104,105]. 

Artemis opens the hairpins forming palindromic sequences (P-nucleotides, Figure 1.5, salmon) 

and TdT randomly adds or removes nucleotides (N-nucleotides, Figure 1.5, blue) at the VDJ 

junction before the backbone is ligated [104]. The random recombination of the heavy and light 

chains gives rise to >106 unique antibody configurations, and following editing by TdT, the 

number of unique antigen receptors in the naïve repertoire increases to >1012 [106]. 

 

 

Figure 1.5. Non-templated nucleotides introduced during recombination increase receptor diversity.  

During recombination, RAG1/2 (yellow) brings the antibody genes together, excises the intervening material and 

forms hairpins at ends of the processed genes [104,105]. Artemis (salmon) then opens the hairpins at different sites, 

creating short palindromic sequences (P-nucleotides, salmon) [107]. TdT (blue) inserts non-templated nucleotides 

(N-nucleotides, blue) between the junctions of the recombined genes [107]. Figure adapted from [108]. 

 

1.5.2.1 Antibody isotype 

Humans have five classes of constant domains, including IGHD (IgD), IGHM (IgM), IGHG (IgG), 

IGHA (IgA) and IGHE (IgE) (Table 1.1) [102,109]. IgG is the most abundant isotype (~70%), 

followed by IgA (~20%), IgM (~10%), and IgE and IgD (<0.2%). IgA is monomeric (IgA1) or 

dimeric (IgA2) and has an affinity for FcαR (found on granulocytes and lymphocytes), FcδR 

(lymphocytes) and the polymeric immunoglobulin receptor (pIgR), with the latter transporting 

IgA and IgM into mucosae [110]. IgM is pentameric and forms immune complexes which bind 
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to FcμR (expressed on T-cells and macrophages) [111] and IgE has a strong affinity for FcεRI/II 

(on mast cells and basophils) and induces allergic responses [112]. Aside from their role during 

B-cell development, the function of IgD is unclear, but may contribute to allergy [113].  

 

IgG is divided into four subclasses (IgG1-4) which recognize members of the FcγR family, 

including FcγRI (found on monocytes), FcγRIIa (granulocytes), FcγRIIb (lymphocytes) and 

FcγRIIIa/b (granulocytes and lymphocytes) [114]. Both IgG1 and IgG4 are transported into the 

placenta via the neonatal FcR [109,114]. IgG1 and IgG3 are typically induced by soluble and 

membrane bound proteins and have high strong affinity for FcγRs [109]. IgG2 is elicited by 

bacterial polysaccharides and binds relatively weakly to granulocytes expressing FcγRIIa and 

FcγRIIIa [109]. IgG4 typically appears after repeated or chronic antigen exposure and only has 

moderate/weak affinity for FcγRI, FcγRIIa/b and FcγRIIIa [109,115]. As such, class switching 

to IgG4 may be an adaptive response to attenuate immune exhaustion [115–117]. Due to weak 

interchain bonds, IgG4 dissociates and combine with other IgG4 antibodies, resulting in the 

formation of natural bispecific antibodies [109,115]. The half-lives of IgG1, IgG2 and IgG4 

antibodies are ~20 days, IgG3, IgM and IgA are cleared after 5-8 days and IgD and IgE circulate 

for 2-3 days (Table 1.1) [98]. 

 

Table 1.1. Antibody isotypes and Fc receptors.  

 

Red, yellow and green indicate strong, moderate and weak FcR binding (upper 

panel) or tissue transport (lower panel), respectively. Figure adapted from [98]. 

 

IgG1 IgG2 IgG3 IgG4 IgA1 IgA2 IgM IgE IgD

FcγRI - - - - - -

FcγRIIa - - - - -

FcγRIIb - - - - - -

FcγRIIIa - - - - -

FcγRIIIb - - - - - - -

FcαR - - - - - - -

FcμR - - - - - - - -

Fcα/μR - - - - - -

FcδR - - - - - - -

FcεRI - - - - - - - -

FcεRII - - - - - - - -

pIgR - - - - - -

9 3 1 0.5 3 0.5 1.5 0.03 <0.01
23 23 8 23 6 6 5 2.5 3
- - - - - -

- - - - -

Antibody isotype

Placenta
Mucosae
Half-life (days)
Serum (mg/mL)

Fc 

receptor

Activity Strong Moderate Weak None
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1.5.3 B-cell activation and the germinal center (GC) reaction 

Following successful VDJ recombination and light chain pairing, immature B-cells display the 

Ig as a B-cell receptor (BCR) on the cell surface [118]. Since the bone marrow is devoid of 

foreign antigen, B-cells stimulated by self-antigen are eliminated, inactivated or their specificity 

edited [119]. Surviving B-cells migrate to the spleen and are again tested for autoreactivity 

before further differentiation into mature naïve B-cells [119]. These cells home to secondary 

lymphoid organs, including lymph nodes and mucosa/gut-associated lymphoid tissues 

(MALT/GALT) where they encounter foreign antigen [98,119]. Within lymph nodes, B-cells 

migrate into the outer cortex and aggregate into follicles that are supported by a network of 

antigen-bearing follicular dendritic cells (FDCs) (Figure 1.6) [120]. The paracortex is occupied 

by T-follicular helper (TFH) and regulatory (TFR) cells [121] and the inner medulla houses 

macrophages and plasma cells (Figure 1.6) [122]. Antigen rich lymph and antigen bearing 

dendritic cells and Langerhans cells enter draining lymph nodes via afferent vessels [122]. The 

lymph passes through the cortex and paracortex where antigen is trapped on the surface of 

cortical FDC and phagocytosed by paracortical dendritic cells (Figure 1.6) [120]. Naïve follicular 

B-cells that are stimulated by cognate antigen migrate to the cortex-paracortex border and are 

activated by TFH-cells specific for the same antigen (Figure 1.6) [123,124]. Some activated B-

cells differentiate into short-lived antibody producing plasma cells but most return to the outer 

cortex and form secondary follicles of rapidly proliferating cells (Figure 1.6) [123,124]. This 

follicle polarizes into a germinal center that consists of a dark zone of B-cells (centroblasts) 

undergoing mutative cell division and a light zone in which high affinity clones (centrocytes) 

are selected (Figure 1.6) [123,124]. This secondary diversification of the Ig repertoire is 

mediated by activation-induced cytidine deaminase (AID) which facilitates somatic 

hypermutation (SHM), class switch recombination (CSR) and Ig gene conversion [125]. 

 

 

Figure 1.6. B-cells undergo affinity maturation in lymph nodes.  

Lymph enters via afferent vessels and passes through the outer cortex, paracortex and medulla [98,122]. Naïve B-

cells aggregate into primary follicles and engage cognate antigen on FDC [120]. Stimulated B-cells migrate to the 
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TFH-cell rich paracortex where they are activated by cognate TFH-cells [118]. These B-cells proliferate in the cortex 

and form secondary follicles and differentiate into plasma or memory cells [126]. Some cells continue to proliferate 

and form germinal centers that polarize into a dark zone of centroblasts and a light zone of centrocytes [124]. 

Centroblasts rapidly proliferate, undergo SHM and migrate to the light zone as centrocytes to compete for antigen 

and TFH-cell help [125]. Figure adapted from [98]. 

 

1.5.3.1 Secondary diversification 

The activity of AID is semi-random due to the presence of hot-spot (WRCH/Y and WA, where 

W=A/T, R=A/G, H=A/C/T and Y=C/T) and cold-spot (SYC) motifs distributed unevenly 

throughout the Ig variable genes [125,127,128]. The probability that a particular amino acid 

substitution may occur is dependent upon the local nucleotide sequence and the number of 

mutations required for the specific non-synonymous change [125,127,128]. Accordingly, 

improbable mutations occur in AID cold-spots and require multiple base changes, while 

probable mutations arise in AID hot-spots where only one base change is necessary 

[125,127,128].  

 

AID is active in centroblasts where it initiates SHM by removing an amine group from cytidine, 

thereby converting the base into uracil, resulting in a U:G mismatch [125,129]. Depending on 

how this lesion is handled, single or multiple transition and transversion mutations can be 

introduced which lead to one mutation per 1000 bases per cell division [125,129]. Since uracil 

is treated as thymine, transition substitutions occur during DNA replication (Figure 1.7, left 

branch) [125,129]. Alternatively, transitions and transversions arise when uracil is excised from 

the deoxyribose backbone by uracil-DNA glycosylase 2 (UNG2) as any nucleotide can be 

inserted opposite the abasic site during DNA synthesis (Figure 1.7, middle branch) [130]. In 

addition, if the MSH2/6 mismatch repair protein complex recognizes the lesion, it drives the 

excision of both uracil and the adjacent bases which are subsequently filled by error prone 

polymerases (Figure 1.7, right branch) [129].  

 

If the activity of UNG is followed by apurinic/apyrimidinic endonuclease 1, the abasic site is 

excised leaving a single-stranded nick. This discontinuity can be resolved through homologous 

recombination resulting in gene conversion, with neighboring IGHV genes replacing the 

original antibody genes [125]. CSR or isotype switching, which can happen multiple times, 

occurs as AID activity in GC rich regions often leads to double stranded breaks that can result 

in non-homologous recombination with adjacent constant genes [131]. Stretches of GC repeats 

are found in the intronic switch regions between IGHJ and IGHM, and the remaining constant 

region isotypes [131]. The double-stranded break repair complex brings together the 
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discontinuous switch regions and the intervening DNA is excised, and the deoxyribose 

backbone ligated [131]. Cytokines secreted by TFH-cells, dendritic cells and macrophages 

determine the nature of the class switch isotype [129,131]. For example, IL-4 drives switching 

to IgG1, IgG4 and IgE, IL-5 and TGFβ to IgA, IFNγ and IL10 to IgG3 [114,129,131]. Conversely, 

switching to IgG3 is inhibited by IL-4 and TGFβ, and IFNγ blocks IgG1 and IgE switching 

[114,129,131].  

 

 

Figure 1.7. AID creates lesions that are repaired by error prone pathways.  

AID typically deaminates cytosine in WRCY, WRCH and WA motifs, resulting in U:G mismatches [129]. (Left branch) 

During replication, U is treated as T and is therefore paired with A in the nascent strand [129]. (Middle branch) 

Alternatively, during short-patch base excision repair, UNG2 excises U, which is replace with any nucleotide during 

replication [130]. (Right branch) If MSH2/6 recognizes the mismatch, U and surrounding bases are excised and 

filled in by error prone polymerases [129]. Figure adapted from [129]. 

 

1.5.3.2 Affinity maturation 

Most of the mutations that arise during SHM impair the ability of the centroblast to bind antigen 

and these cells are eliminated as they fail to compete for antigen and survival signals 

[118,123,124]. In contrast, B-cells with improved antigen affinity survive and transition into 

centrocytes and move into the light zone  [118,123,124] (Figure 1.6). Here the centrocytes 

compete for antigen and TFH-cell help which ensures that only high affinity clones survive. 

Some cells differentiate into plasmablasts or memory cells while other centrocytes re-enter the 

dark zone and the cycle of SHM and selection is repeated, further improving antigen specificity 

and affinity [118,123,124] (Figure 1.6). This cyclic re-entry can occur many times as the 

sequence of some antibodies diverges by as much as >40% from the unmutated rearranged 

germline sequence [132,133]. Most mutations accumulate in the CDRs as they form the 
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antigen-binding surface, and because the FR are critical to the antibody structure, they are 

more sensitive to substitutions [101]. 

 

 Antibody-mediated effector functions 

Antibodies activate antimicrobial effector functions via interactions between the Fc and FcRs 

on lymphocytes and innate immune cells [109]. FcRs vary in their ability to activate or inhibit 

cellular effector functions and are distributed unevenly across immune cells [134]. Furthermore, 

FcRs have variable affinities for each isotype and so antibodies with the same specificity but 

different isotype can mediate diverse effector functions (Table 1.1) [134]. 

 

These functions include phagocytosis [135], cytotoxicity [136], trogocytosis [137] and 

complement deposition [138]. Antibody-dependent cellular phagocytosis (ADCP) occurs when 

IgG and IgA coated antigen binds to the FcγR and FcαR, respectively, on monocytes, 

macrophages, neutrophils and eosinophils [135]. This stimulates antigen internalization and 

destruction by proteolysis and reactive oxygen and nitrogen species [135]. In addition, antigen 

bound by IgG1 and IgG3 activates FcγRIII expressing cytotoxic cells, including NK cells and 

neutrophils leading to antibody-dependent cellular cytotoxicity (ADCC) [136,139]. Fc binding 

enhances the contact between the target and effector cells, and the latter releases perforin and 

granzyme B into the cellular junction [136]. Perforin pierces the plasma membrane of the target 

cell allowing granzyme B to enter and activate caspases, resulting in apoptosis of the infected 

cell [136]. Furthermore, IgG binding to the FcγR on effector lymphocytes can initiate antibody-

dependent cellular trogocytosis (ADCT), whereby fragments of the plasma membrane from the 

target cell are transferred to the surface of the effector cell, resulting in the death of the donor 

cell [137]. In addition to the recruitment of effector cells, antibodies can trigger antibody-

dependent complement deposition (ADCD) via the classical complement cascade upon 

engagement with antigen, resulting in lysis [138,140]. IgG1 and in particular IgG3 have a strong 

affinity for the activating FcγRs (FcγRI, FcγRIIa and FcγRIIIa), which potently mediate ADCP, 

ADCC and ADCT and ADCD [141,142]. In contrast, IgG2 and IgG4 have a poorer affinity for 

the activating FcγRs and IgG4 can block effector cell activation due to its binding of the 

inhibitory receptor FcγRIIb [134].  

 

Antibody dependent cell-mediated responses and FcRs are associated with altered disease 

progression and HIV-1 transmission. For example, homozygosity for a low affinity allele of 

FcγRIIa is associated with accelerated disease progression [143] and there is a decreased risk 

of vertical transmission in mothers expressing a high affinity allele of FcγRIIIa [144]. 
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Furthermore, broad ADCC responses are associated with slower T-cell decline and delayed 

disease progression [145,146]. In contrast, IgG4 class switching may be more common in 

chronically infected individuals, particularly in rapid progressors [107,147–149]. 

 

 The humoral response to HIV infection 

The first HIV-specific antibodies appear ~8 days after viremia is detected and consist of 

polyspecific IgM [150]. Approximately 5 days later, non-neutralizing gp41-specific IgG 

antibodies arise and ~15 days thereafter V3-specific IgG responses are detected [150,151]. 

While IgM titers are moderate and wane after a few months, IgG remains elevated throughout 

infection [148,150]. Although a vigorous humoral response develops, neutralizing antibodies 

have little impact on the outcome of the infection [152–156].  

 

By six months post infection most individuals develop antibodies that neutralize viruses from 

that same person (autologous viruses) [157]. Although the potency of autologous responses 

may increase over time, these antibodies often remain strain-specific, failing to neutralize 

viruses isolated from other individuals (heterologous viruses) [153,157]. However, over two to 

five years of infection, 20-30% of infected individuals gradually develop antibodies that potently 

neutralize >80% of heterologous viruses [152,153,158–161]. The broadly neutralizing 

phenotype is associated with high viral loads, high viral diversity and low CD4+ T-cell counts 

[160,162]. Although ADCT and ADCD responses are higher in bNAb producing individuals 

[163], broad and potent neutralizing antibodies do not impact the course of the infection nor 

the progression to AIDS [152–156]. 

 

1.7.1 Broadly neutralizing antibodies (bNAbs) 

Monoclonal broadly neutralizing antibodies (bNAbs) that potently neutralize heterologous 

viruses have been recovered from individuals with broad plasma [164]. The first bNAbs, 

isolated using hybridomas and phage display libraries, neutralized 41-98% of heterologous 

viruses, with an average potency of ~2 μg/mL [165,166]. With the subsequent development of 

high-throughput neutralization assays and antigen-specific B-cell flow cytometry >100 bNAbs 

have been isolated (hiv.lanl.gov/catnap). By mapping bNAb epitopes, relatively conserved 

sites spanning almost the entirety of Env have been identified [160,167,168]. These regions of 

vulnerability, which represent potential vaccine targets, include the membrane proximal 

external region (MPER), gp120-gp41 interface, fusion peptide, N332 supersite, silent face, 

CD4 binding site (CD4bs) and the V1V2 apex [160,167,168]. 
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1.7.1.1 The membrane proximal external region (MPER) 

The bNAbs that target the MPER are highly somatically mutated (18-27%) and exhibit modest 

potency (0.25-3.41 μg/mL) [169,170]. In addition, these bNAbs are amongst the broadest 

(>98%) due to the conserved sequence of the MPER [169,170]. The MPER-targeting bNAbs 

DH511.2 [171], 10E8 [172] and 4E10 [165] (Figure 1.8 A) recognize discontinuous residues in 

the C-terminus of the MPER and 2F5 [165] and z13e1 [173] target linear epitopes at the N-

terminus [169,174]. Long (20-24 aa) hydrophobic CDRH3s, common in this class of bNAb 

[175,176], enables these antibodies to access membrane associated epitopes. Consequently, 

these antibodies are frequently autoreactive due to their affinity for self-derived lipids [170] and 

B-cells with such specificities are often deleted/edited during tolerance checkpoints [169,170]. 

 

1.7.1.2 The gp120-gp41 interface and fusion peptide 

Many bNAbs that target the interface between gp120 and gp41 are variably dependent on 

glycans, including N276 (PGT151 [177] and 8ANC195 [178]), N234 (35O22 [179] and 

8ANC195) and N88 (35O22) (Figure 1.8 B). Long CDRH3s (PGT151) or FR3s (8ANC195 and 

35O22 [178–180]) contact and penetrate the glycan shield and bind to epitopes in both gp120 

and gp41, including in C1, loop D, C3, C5, V4, V5 and gp41 [178–180]. In addition, the gp41-

gp41 interface is targeted by bNAbs 3BC176 and 3BC315 (Figure 1.8 B) which induce gp120 

shedding by accelerating trimer destabilization [181]. 

 

Binding in the vicinity of each other, the footprint of the bNAbs that target the fusion peptide 

overlap with those of the interface antibodies [182–184]. The fusion peptide bNAbs VRC34.01 

and ACS202 (Figure 1.8 B) [182–184] contact the fusion peptide with their CDRH3s 

[182,183,185].  

 

1.7.1.3 The N332 supersite 

Many antibodies target the N332 glycan and the nearby mannose glycans which shield the 

CCR5 binding loop at the base of the V3 (Figure 1.8 C) [186]. N332-specific bNAbs are typically 

modestly mutated, broad, potent and have long CDRH3s (20-26 aa) [68,161,165,187,188]. The 

PGT121, PGT128, PCDN and DH270 class of bNAbs primarily contact the N332 and N301 

glycans and bind to the conserved V3 GDIR motif [68,161,165,187,189] (Figure 1.8 C). 

PGT128 and DH270.1 bind perpendicular to the trimer, PGT135 approaches parallel to V3 and 
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PGT124 binds between PGT128 and PGT135 [187] (Figure 1.8 C). PGT135 and 2G12 do not 

contact the GDIR motif, and 2G12, a product of an IGHV domain swop, does not breach the 

glycan shield and contacts N295, N332, N339 and N392 [161,165] (Figure 1.8 C). Due to the 

divergent modes of recognition, multiple angles of approach and variable glycan 

dependencies, this region is considered a “supersite” [167] and is an attractive vaccine target 

[71]. 

 

1.7.1.4 The silent face 

Recently, bNAbs have been identified that target the densely glycosylated silent face adjacent 

to the CD4bs between the N332 supersite and the gp120-gp41 interface [64,65]. The paratope 

of the silent face bNAb VRC-PG05 [190] primarily consists of the long CDRH3 and CDRL1 

(both 17 aa) which wedge between the N262, N295 and N448 glycans and contact residues in 

C2 and C4 (Figure 1.8 C) [190]. In contrast, the CDRH3 (23 aa) and CDRL1 (8 aa) of the silent 

face bNAb SF12 [191] form a pocket to accommodate the N448 glycan and contact sites in C1, 

C2 and C4 (Figure 1.8 C) [191]. It is estimated that VRC-PG05-like specificities are present in 

10% of infected individuals [190]. 

 

1.7.1.5 CD4 binding site (CD4bs) 

Since the CD4bs is highly conserved the bNAbs that target this site are very broad (80-98%). 

Many are encoded by the VH1-2 (“VRC01-class”) or VH1-46 (“8ANC131-class”) genes [192] 

(Figure 1.8 D). These bNAbs contact the CD4 binding loop and CD4bs via the CDRH2 and 

FR3, respectively [193] (Figure 1.8 D). To avoid clashes with the loop D and N276 glycan, the 

CDRL3s of VRC01-class antibodies are short and pivot, and the CDRL1 acquires deletions or 

substitutions [194]. In contrast HJ16 [195] and the PCIN63 lineage [196] are dependent upon 

the N276 glycan. In addition to the VH-restricted bNAbs, those derived from unrelated genes, 

such as CH103 [197] and VRC13 [192] bind to the CD4bs via long CDRH3s (13 and 21 aa, 

respectively) from an angle that is similar to CD4 (Figure 1.8 D). Although CD4bs bNAbs 

generally lack substantial autoreactivity and are extremely potent they are extensively 

somatically mutated (>40%) [132]. 
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Figure 1.8. Targets of broadly neutralizing antibodies 

(A) BNAbs that target the MPER (pink) often interact with the self-derived lipid membrane (yellow) [198]. The MPER-

specific bNAbs 2F5 and z13e1 recognize continuous epitopes (blue), while 10E8 and 4E10 bind to discontinuous 

sites (blue) [174]. Figure adapted from [174]. (B) The bNAbs that target the interface and fusion peptides have 

overlapping epitopes and shared angle of approach [183]. (C) Most N332 supersite-specific bNAbs recognize the 

GDIR motif (tan, which interacts with entry co-receptors) and are dependent on glycans in and around the V3 loop 

(yellow), including N332 (orange), N295 (pink), N301 (blue), N339 (cyan), N386 (green), and N392 (red) [186]. (D) 

The CD4bs (mustard) of gp120 is targeted by bNAbs that share genetic (VH-restricted) and/or structural (CDRH3 

dominated) similarities, figure adapted from [192]. 

 

1.7.1.6 Variable loops 1 and 2 (V1V2) 

The trimer apex is formed by the convergence of the distal V1V2 loops which creates a 

quaternary epitope that is absent on gp120 (Figure 1.9 A and B)  [167]. Therefore, V1V2 bNAbs, 

including PG9 [199], PG16 [199], CH01-04 [200], PGT141-145 [161], PGDM1400 [201], N90 

[202], PC64 [203] and the CAP256-VRC26 lineage [204,205] generally only recognize native 

closed trimers. These antibodies are typically not autoreactive, are moderately somatically 

hypermutated (12-17%) and extremely potent [132,160,168]. In addition, V1V2-targetting 

bNAbs are variably dependent on glycans at N156, N160 and N173 (Figure 1.9 B) and have 

unusually long anionic CDRH3s (24-37 aa, Figure 1.9 C-E) [206,207]. This allows the tip of the 

CDRH3 to lie alongside cationic residues in strands B and C, including R166, D167, R/K168, 

K169 and K171  (Figure 1.9 C-E) [206,207]. Furthermore, PG9 [199], PG16 [199] and the 

CAP256-VRC26 lineage [204,205] share the 3-3*01 IGHD gene which encodes a Tyr sulfated 

YYD motif at the tip of the CDRH3 [205,208,209].  
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The orientation and conformation of the CDRH3s of V1V2 bNAbs vary considerably [207]. For 

example, the CDRH3 of PG9 and PG16 [208,209] forms a flat bifurcated hammerhead (Figure 

1.9 C), the CDRH3 of PGT145 [210] is upright and perpendicular to the antibody and the 

CDRH3 of CAP256-VRC26.25, CAP256-VRC26.09 and CH04 is elongated and has a right-

angle bend [206,207] (Figure 1.9 D and E). In contrast to the prototypical V1V2 bNAbs 

described above, N90 [202] has an average length CDRH3 and makes side-chain contacts, 

thereby reducing the distance the CDRH3 must traverse.  

 

 
Figure 1.9. The V1V2 loops form a quaternary epitope at the trimer apex. 

(A) The V1V2 at the distal end of each protomer form a quaternary epitope in (B) trimerized Env (dark grey) [167]. 

(A) Strands A-D (colored) intersperse hypervariable loops (grey) [64,65]. (B) The N156 and N160 glycans on BG505 

SOSIP.664 (PDB: 5ACO) [211] are shown as sticks and colored differently on each protomer, this trimer lacks the 

N173 glycan. (C-E) The interaction between V2 (pink) and (C) PG9, (D) 256.09 and (E) CH03 are shown above the 

conformation of the PG9, 256.25 and CH04 CDRH3s, figure adapted from [207]. 

 

 The ontogeny of bNAbs 

Since bNAbs exhibit exceptional in vitro neutralization breadth and potency, and in vivo 

protection (see 1.9.3), it is believed that a vaccine capable of inducing these antibodies would 

prevent HIV-1 infection [164,212–215]. Central to this strategy is defining the steps from the 

activation of a bNAb ancestor to the co-evolution with autologous viruses and the development 
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of breadth [158,160,215–219]. As the first generation bNAbs [165,166] were isolated from 

cross-sectional samples, the paucity of sequence data precluded the reliable inference of 

germline precursors due to the extensive edits at the IGHD junctions [132]. Consequently, 

“germline-revertants” were designed which retained their mature CDRH3 and CDRL3 [160]. 

However, native CDRs can be inferred from longitudinal sequences, allowing for the 

reconstruction of an unmutated common ancestor (UCA) of a bNAb lineage [197]. In addition, 

the identification of contemporaneous viruses sensitive to the UCA (“bNAb initiating Env”) and 

intermediates allows for the establishment of bNAb ontogeny. To date, the developmental 

pathways of eight bNAb lineages have been elucidated and include those for the CH103 [197], 

CH235 [220], DH270 [187], PCDN [189], BF520.1 [221,222], PCT64 [203], PCIN63 [196] and 

CAP256-VRC26 [204,205,223] lineages. Together with other studies 

[171,178,193,194,197,200,224–247] several common features of bNAb maturation have been 

identified which has informed vaccine design [158,160,215–219]. 

 

1.8.1 Common factors in the development of breadth 

1.8.1.1 Helper lineages 

The co-operation between antibody lineages has been shown to have directed the 

development of breadth in two individuals [187,197,220]. An antibody “helper lineage” is one 

that drives viral escape mutations which sensitize the virus to an unrelated antibody lineage. 

The CH103 and CH235 lineages, isolated from donor CH505 [197,220] bound to overlapping 

epitopes in the CD4bs, but mutations rapidly evolved in loop D which lead to escape from the 

CH235 antibodies. However, these mutations increased the sensitivity of the viruses to the 

CH103 antibodies which drove the maturation of this lineage [197,220]. Similarly, the DH270 

bNAb lineage, recovered from CH848, developed with the co-operation of two unrelated B-cell 

families (DH272 and DH475) that targeted overlapping epitopes [187]. Although DH270 could 

not bind to the T/F, the DH272 and DH475 antibodies were reactive with this virus, and drove 

escape by decreasing the length of V1 which resulted in sensitivity to the DH270 lineage [187]. 

 

1.8.1.2 Viral diversification 

Another common feature in bNAb maturation, which has been observed in the CH103 [197], 

CH235 [220], PCT64 [203] and CAP256-VRC26 [204,205,223] lineages, is extensive viral 

diversification in and around bNAb epitopes immediately prior to the development of breadth 

[248]. This exposes maturing lineages to novel epitope variants (“immunotypes”) and breadth 

emerges as the paratope evolves a decreased dependence on mutable sites and is instead 

focused on conserved epitopes [193,197,225,227,228,230,232,234,249]. Since breadth 
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typically develops after two years, this protracted co-evolution accounts for the extensive 

affinity maturation that is characteristic of most bNAbs. 

 

1.8.1.3 Antibody structure 

No differences have been identified between the germline IGHV repertoires of individuals that 

develop bNAbs compared to those that do not [250]. In addition, besides CD4bs bNAbs [192] 

and some N332-targetting antibodies [251], gene usage amongst bNAbs is not restricted. 

However, bNAbs do share structural and functional similarities, particularly within classes. 

These include unusually long [199,203–205] or short [194] CDRs with increased hydrophobicity 

[175,176] or electronegativity [199,203–205] and rigid FR regions [252]. 

 

Despite a strong positive association between SHM and neutralization, modestly somatically 

mutated bNAbs [221,253] and highly mutated strain-specific antibodies [223] have been 

identified. For example, bNAbs BF520.1 [221,222] and AIIMS-P01 [253] are <7% mutated, 

which is within the range induced by vaccination [219,254–256], but are >50% broad. In 

contrast, strain-specific “off-track” antibodies, which are extensively mutated and closely 

related to broad lineage members have been recovered from several individuals 

[197,201,223,242,244]. For example, while PGDM1400 (83% breadth), is closely related to 

PGDM1406, the latter exhibits only limited breadth (6%) [201]. Similarly, within the PGT121 

lineage, two heavy chains (6H and 22H) were recovered that when paired with a light chain 

display no neutralization despite a high degree of sequence identity to broad members [242]. 

In addition, 1AZCETI5, a member of the CH103 lineage, shares the same CDRH3 length and 

degree of SHM with CH103, but 1AZCETI5 lacks breadth [197]. Since antibody isolation 

techniques are optimized to recover bNAbs, the proportion of off-track members in these bNAb 

lineages is unknown, but may be as high as 40% [244]. 

 

1.8.1.4 The germinal center reaction 

The frequency of HIV-specific TFH- and TFR-cells [257–259], AID activity [163] and the cytokine 

milieu [257] in the germinal center reaction are associated with anti-HIV humoral responses. 

This relationship is informed by the observation that children, which develop broader and more 

potent antibodies, and more rapidly, compared to adults, have a greater magnitude of TFH- and 

TFR-cells [221,253,260,261]. In addition, the TFH-cells in children secrete more IL-21 compared 

to adults, which increases the magnitude and quality of the TFH- and TFR-cells [257]. 
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 Vaccines 

Vaccination has profoundly decreased the morbidity and mortality associated with many 

infectious diseases, including diphtheria, mumps, measles, pertussis, tetanus, hepatitis A/B, 

Haemophilus influenza, varicella, polio, rubella, and in the case of smallpox, complete 

eradication [262–264]. Protection against these diseases is primarily mediated by neutralizing 

antibodies [265,266] which are induced, alongside cellular responses, by vaccination with 

attenuated pathogens, inactivated pathogens or acellular components [267]. To strongly 

activate the innate immune system which drives a robust adaptive response, antigens can be 

conjugated to highly immunogenic polysaccharides [268] and co-administered with adjuvants 

[269], such as alum. Furthermore, the induction of durable, high titer neutralizing antibodies 

can be achieved by boosting the response to the primary vaccination with subsequent boosts 

[270]. In addition, the elimination of intracellular pathogens, such as Mycobacterium 

tuberculosis and Plasmodium falciparum require robust CD8 T-cell responses [271]. These 

can be elicited by vaccination with infectious vectors or nucleic acids that encode pathogen-

associated peptides [271]. Furthermore, the passive administration of antigen-specific 

antibodies can prevent infection or treat diseases [272]. For example, palivizumab, targets the 

human respiratory syncytial virus and protects susceptible infants from infection [273], and 

enterovirus, parvovirus and ebola infections are successfully treated with immunoglobulins 

[272,274,275].  

 

1.9.1 HIV-1 vaccine trials 

The initial optimism that an HIV vaccine would be rapidly developed has waned during the 

decades since the virus was discovered and the completion of more than 200 vaccine trials 

[276]. Early HIV vaccines designed to induce humoral responses consisted of virus-like 

particles, structural and enzymatic proteins, trimers, monomers and peptides [276]. While 

these immunogens were well-tolerated, only laboratory adapted strains (tier 1A viruses) were 

sensitive to neutralization, while difficult to neutralize primary viruses (tier 2 and 3) were 

resistant [276,277]. Nevertheless, two phase III trials (VAX003 [278], and VAX004 [279]) were 

set up to test the efficacy of a subtype matched bivalent gp120 vaccine. While vaccinees 

developed HIV-1 specific responses [278–280], the vaccines failed to protect against infection 

or delay disease progression [278,279]. Furthermore, likely due to repeated vaccinations, the 

VAX003 participants developed high IgG4 titers which may have contributed to the failure of 

the trial since IgG4 poorly mediates neutralization and effector functions [281]. 
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An alternative strategy was tested in phase IIb trials (STEP [282] and Phambili [283]) where 

participants were vaccinated with a replication-defective recombinant adenovirus expressing 

subtype B Gag, Pol and Nef. Most vaccinees developed HIV-specific T-cell responses, which 

in some individuals exerted pressure on founder viruses [284] and may have reduced viremia 

[285]. However, the vaccine failed to protect against infection, and in a subset of vaccinees, 

increased the incidence of infection [282,283]. A similar lack of efficacy was observed in the 

HVTN 505 phase IIb trial [286] where a DNA prime and adenovirus boost was tested. In 

contrast, a recombinant canarypox vector [287] and protein boost was found to elicit both CTL 

and binding and neutralizing antibodies in phase II trials [288,289]. The success of this 

combination lead to the phase III RV144 trial [290], where a subtype matched canarypox 

vaccine (Gag and gp120-gp41) boosted with the VAX003 immunogen (AIDSVAX B/E) was 

found to be modestly protective [290]. The vaccine exhibited 60% efficacy after one year and 

31% after 42 months, but did not affect viremia or CD4 T-cell count in infected individuals [290]. 

The risk of infection for RV144 vaccinees was inversely correlated with the titer of ADCC-

mediating V1V2-specific IgG1 and IgG3 binding antibodies [281], and positively correlated with 

Env-specific IgA titers [291]. Subsequently, the phase IIb/III HVTN 702 trial [292] was initiated 

in South Africa with a subtype C matched RV144 regimen. Discouragingly, during a recent 

interim review, the HVTN 702 vaccine was found to be safe but non-efficacious [293]. 

 

1.9.2 Novel Env-based immunogens 

The failure of the first generation of proteinaceous vaccines was largely because the humoral 

responses were transient, strain-specific, weakly neutralizing and non-functional [294–297]. 

This was partly due to modifications made to improve Env stability, such as cleavage site 

deletion [298], the inclusion of peptide bonds [299], or the use of gp120 or gp160, which 

introduced non-native epitopes, thereby limiting or abrogating responses to relevant sites.  

 

1.9.2.1 Native-like trimeric Env 

More recently, modifications have been identified that allow for the expression of stable, 

soluble, glycosylated trimers which closely resemble the closed conformation of pre-fusion 

native Env [300–304]. For example, the introduction of a disulfide bond (SOS gp140) between 

gp120 and gp41 [305], an I559P mutation (SOSIP gp140) in gp41 [306] and truncation of 

MPER at residue 664 (SOSIP.664) [62] improves stability, trimerization and solubility, 

respectively. In addition, flexible links [303], increased number of hydrophobic, aromatic and 

charged residues, as well as cysteine, glycine and proline substitutions [307–309], further 
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improves stability. These adjustments have been applied to other trimers, including BG505, 

KNH1144, 16055, Du422, ZM197M, B41 and JRFL [62,303,310–312].  

 

Crucially, bNAbs bind to these trimers while non-neutralizing antibodies, that target non-native 

epitopes, are substantially less reactive [303,304,310]. Mice [313,314], guinea pigs [315–318] 

and rabbits [313,314,318–326] immunized with near-native trimers typically develop autologous 

tier 2 neutralizing antibodies but potent heterologous responses rarely evolve [319,323,327–

330]. Although rhesus macaques typically develop similar, albeit weaker responses compared 

to small animals [320,324,330], bilateral immunizations and extended vaccination schedules 

can elicit high titer autologous tier 2 antibodies [331]. 

 

1.9.2.2 Germline-targeting immunogens 

The inability to reliably induce broad responses is exemplified by the failure of antigens to 

engage bNAb precursors constituted as BCRs [224–226]. However, glycan and variable loop 

deletions reduce steric hindrance thereby improving epitope accessibility which enhances in 

vitro BCR-antigen affinity [227]. Such studies have informed the design of germline-targeting 

immunogens such as eOD-GT8 [332,333] and BG505 SOSIP-GT1 [334], which activate naive 

VRC01 precursors in transgenic mice. Furthermore, neutralizing responses against native 

glycosylated BG505 SOSIP-GT3 evolved following an eOD-GT8 prime and BG505 SOSIP-

GT3 boost [335]. In addition, N332 supersite germline-targeting immunogens, such as BG505 

SOSIP 11MUTB (which has an N332 deletion), activate PGT121 precursors in transgenic mice, 

and boosts with increasingly native trimers elicit heterologous tier 2 neutralizing antibodies 

[233,336]. Further modifications to 11MUTB (RC1) allowed for the induction of antibodies in 

rhesus macaques with CDRH3s and light chains similar to germline PGT121 and 10-1074 [337]. 

Moreover, creating “glycan holes” through the deletion of V1V2 glycans has led to the 

development of V1V2-specific neutralizing responses in wild-type rabbits [325].  

 

Importantly, the frequency of VRC01-class precursors in humans may be as high as 23 cells 

per lymph node [338], N332-specific BG18-like naïve B-cells have been identified in 

unimmunized people [339] and ~0.4% of naïve B-cells in humans may have very long CDRH3s 

that are common in V1V2-targetting bNAbs  [216]. In addition, germline-targeting immunogens 

can drive the selection of improbable neutralization-conferring mutations in knock in mice and 

wild-type rhesus macaques [340]. 
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1.9.3 Passive immunization 

The value of bNAbs is highlighted by the success of passive infusions that protect animals 

against SHIV/HIV (HIV Env pseudotyped SIV) infection, reduce viremia, minimize latent 

infection and clear infected cells [341–350]. Passive immunization for prevention and treatment 

[351] become feasible following the discovery of potent bNAbs, including PGT121, VRC01 and 

10E8 [342,352]. In particular, compared to the first generation bNAbs, ~300-fold less of the 

exceptionally potent CAP256-VRC26.25 is sufficient to protect rhesus macaques from infection 

[344]. If used for prophylaxis, complementary combinations of bNAbs [343], and/or 

bispecific/trispecific molecules [353] may be necessary to offer maximum protection and inhibit 

the evolution of resistance. In addition, the half-lives and protective efficacy of bNAbs can be 

improved through modifications to the Fc domain [354,355]. For example the M428L and 

N434S (LS) mutations increase the affinity of the Fc to the Fc neonatal receptor which 

modulates IgG homeostasis and mucosa localization [354,355]. Compared to VRC01, the 

VRC01-LS variant has a longer duration of efficacy and is superior in protecting against 

intrarectal challenges [345]. Numerous human trials have been initiated to test the safety and 

efficacy of bNAbs, including the phase IIb HVTN 703 and 704 trials testing the ability of VRC01 

to prevent infection [356]. In humans, bNAb monotherapy (VRC01 or 3BNC117) [357] or dual-

therapy (3BNC117 and 10-1074) [358] delay viral rebound following treatment interruption. 

 

 The HIV infected donor, CAP256 

Between 2004 and 2005, a cohort of HIV negative high-risk women was established in 

KwaZulu-Natal, South Africa, by the Centre for the AIDS Programme of Research in South 

Africa (CAPRISA) [359]. An African woman, CAP256 was enrolled in the CAPRISA 002 acute 

infection cohort in 2005. Six weeks later CAP256 was found to be HIV positive and she was 

superinfected 13-15 weeks thereafter [360]. Both the primary infecting virus (PI) and the 

superinfecting virus (SU) were subtype C [360]. 

 

1.10.1 The neutralization breadth, potency and specificity of CAP256 plasma 

Autologous neutralizing responses were detected in the plasma of CAP256 6-10 months post 

infection (pi) and heterologous breadth (17%) developed by 1 year pi [157]. Breadth increased 

during the second (52%) and third (76%) years pi and plateaued thereafter [360] (Figure 1.10). 

At 3 years pi, 88% and 83% of subtype C and subtype A viruses, respectively, were neutralized 

while 50% of subtype B viruses were sensitive [360]. The median titers for subtype C (1:968) 

and subtype A viruses (1:658) were particularly potent, with titers against CAP210, ZM53 and 
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CAP45 above 1:10,000 [360]. While plasma neutralization was not impacted by gp120 or 

gp145 absorptions [153], mutations in V2, particularly at R166 and K169, knocked out 

neutralization. In addition, the epitope included F159, N160, L165, D167 and K171, and the 

fine specificity changed over time, as greater tolerance for variation at these sites developed 

[153,360]. Generally, sensitive viruses share a motif in V2 (F159N160L165R166D167K169K171) that is 

common to subtype C and A viruses, but less represented in subtype B viruses [360].  

 

 

Figure 1.10. CAP256 gradually developed neutralization breadth over three years.  

Donor CAP256 was superinfected (SU, red) with a subtype C virus 13-15 weeks after primary infection (PI, orange) 

[360]. Within weeks of infection autologous neutralization was detected, with titers against the SU remaining high 

throughout infection [360]. Heterologous neutralization developed by 1 year pi, and breadth and potency increased 

each year until the fourth year, where breadth was maintained but potency waned [360]. Figure adapted from [205]. 

 

1.10.2 The CAP256-VRC26 bNAb lineage 

A 33 member clonal lineage of V2-specific antibodies, the CAP256-VRC26 lineage (hereafter 

referred to as CAP256.01-33) was recovered from CAP256 by B-cell culture and antigen-

specific (BG505 SOSIP.664) B-cell sorting [204,205]. The antibodies were isolated from PBMC 

from 59 (CAP256.01), 119 (CAP256.02-09 and CAP256.14-18), 159 (CAP256.26-33), 193 

(CAP256.22-25) and 206 (CAP256.10-13 and CAP256.19-21) weeks pi [204,205] (Figure 1.11, 

left). The sequence of the CAP256.UCA was inferred and closely related sequences were 

identified 34 weeks pi [205]. The heavy chains are 4-17% divergent from the CAP256.UCA and 

are encoded by the IGHV3-30*18, IGHD3-3*01 and IGHJ3*02 genes [204]. The light chains 

utilize IGLV1-51*02 and IGLJ1*01 and are 4-15% somatically mutated compared to the 

germline sequence [204]. The breadth of the lineage members ranges from 63% (CAP256.25) 

to 2% (CAP256.20) and the potencies from 0.003 μg/mL (CAP256.25) to 5.00 μg/mL 

(CAP256.07) (Figure 1.11, right) [204]. In addition to bNAbs, the lineage contains “off-track” 
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antibodies, which failed to acquire substantial heterologous breadth, despite a high degree of 

sequence identity with the bNAbs [204,205,223]. 

 

In concordance with the emergence of plasma neutralization at 6-10 months pi [157], the 

CAP256-VRC26 antibodies exhibited increasing autologous breadth and potency from ~7 

months pi [204,205]. While the CAP256.UCA binds to the 15-wk SU, viruses circulating at 34 

weeks pi were neutralized (<10 μg/mL) by this antibody, suggesting such a virus initiated the 

lineage [223]. Autologous viruses from 15-59 weeks pi were generally sensitive to most 

members of the lineage, while the 6-wk PI was only sensitive to CAP256.25 and CAP256.06 

[204,205].  

 

 

Figure 1.11. The CAP256-VRC26 lineage consists of 33 clonally related antibodies.  

(Left) A maximum likelihood phylogenetic tree of the CAP256-VRC26 lineage [204]. The heavy chains and light 

chains are in the first and second panel, respectively. The colors indicate from which week pi each antibody was 

recovered. (Right) Tabulated are the breadth, potency and SHM of each lineage member [204]. Figure adapted 

from [204]. 
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1.10.2.1 The CAP256-VRC26 paratope and epitope 

The lineage members have extremely long CDRH3s (35-37 aa) which form the majority of the 

paratope [204–207]. The CDRH3 forms a two-stranded β-sheet that is stabilized by a disulfide 

bond and projects ~20 Å from the surface of the antibody, and due to flexibility at the base, the 

tip can rotate ~17 Å [206]. Similar to other V1V2 bNAbs, the CDRH3s of the lineage members 

are anionic [204] and like PG9 and PG16, the tip of the CDRH3 contains a tyrosine sulfated 

YYD motif [199,208,209].  

 

Like the plasma, subtype C and A viruses were particularly sensitive to these antibodies, 

neutralization could not be absorbed by gp120, and the antibodies were dependent on R166 

and K169 [204,205,223]. The structures of CAP256.UCA (PDB: 4ODH), CAP256.01 (PDB: 

4OCR), CAP256.03 (PDB: 4OD1), CAP256.04 (PDB: 4ORG), CAP256.06 (PDB: 4OCW), 

CAP256.07 (PDB: 4OD3), CAP256.10 (PDB: 4OCS) and CAP256.25 (PDB: 5DT1) have been 

resolved [204–206]. In addition, a stable prefusion 34-wk Env trimer was visualized by 

cryogenic electron microscopy in complex with CAP256.25 [206]. This structure indicates that 

the CDRH3 penetrates the trimer apex by 9.6 Å, where, unlike other V1V2 bNAbs, it interacts 

with both the apex hole and C-strand [206]. This combined mode of epitope recognition 

together with the binding of one antibody per trimer, likely accounts for the exceptional potency 

of CAP256.25 [206]. Once inserted, the CDRH3 lies anti-parallel with the C-strand and the 

sulfated tyrosines (Y100h and Y100i) form salt bridges with R166 on each protomer and K169 

on two protomers [206]. In addition, salt-bridges form between E100b and K170, E100c and 

K168, D100g with D167 and K169, and D100j with K169 [206,207]. Furthermore, E100b 

hydrogens bonds with K171, E100c with K169, W100d with K169, W100e and K168 and K169, 

and S100f with D167 [206,207]. The more potent members of the CAP256 lineage can 

generally tolerate glycovariation at N156 and N160 [204,205,239,361,362] and the CDRH1 sits 

adjacent to, and is predicted to make contacts with, glycans at N130 and N160 [206], although 

the latter has not been experimentally verified. 

 

Recently, the isotype of CAP256.25 was identified as IgG3, and  compared to the IgG1 variant, 

this antibody was more potent and drives greater ADCP and ADCT [363]. Consequently, if 

utilized as a biotherapeutic, CAP256.25 IgG3 may be particularly effective in preventing 

infection and clearing infected cells [351,364]. 
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 Research questions 

The CAP256-VRC26 HIV-1 V2-specific bNAb lineage was recovered from a subtype C infected 

participant in the CAPRISA 002 acute infection study [153,204,205,360]. The broadest 

member, CAP256.25, neutralizes 63% of heterologous viruses and is amongst the most potent 

of all known bNAbs [204]. CAP256.25 and other broad lineage members are modestly 

somatically mutated and closely related to lineage members that lack substantial neutralization 

[223]. The CAP256.UCA weakly neutralizes contemporaneous viruses and breadth and 

potency increase as the lineage matures [223]. With subsequent antigen-specific sorts, the 

CAP256-VRC26 lineage has continued to expand to include new members. While the 

ontogeny of the lineage has been reported [204,205,223], much of the genetic basis for the 

breadth and potency remains unknown. Together these data can inform the design of an HIV 

vaccine that guides the development of broad and potent antibodies. 

 

1.11.1 Which somatic hypermutations and viral immunotypes drove the 

development of off-track antibodies in the CAP256-VRC26 HIV-1 V2-

directed bNAb lineage? 

In addition to bNAbs, the CAP256-VRC26 lineage consists of “off-track” antibodies that are 

genetically similar to the broad members, but are strain-specific. It is not clear which antibody 

regions and mutations confer breadth and potency to the bNAbs and strain-specificity to the 

off-track members, nor which viral variants drive this development. Elucidation of the pathways 

toward and away from breadth can contribute to the development of immunogens that induce 

breadth and minimize strain-specificity. 

 

1.11.2 What is the role of heavy and light chain somatic hypermutation in 

conferring breadth and potency to the CAP256-VRC26 bNAb lineage? 

Concomitant with the maturation of the CAP256-VRC26 lineage was the development of 

breadth and potency. The role of the heavy chain, light chain, framework and complementarity-

determining regions to breadth and potency remain unknown. We sought to ascertain which 

mutations were sufficient to introduce neutralization into the CAP256.UCA. These data inform 

the design of immunogens that activate bNAb precursors and drive targeted maturation to 

efficiently elicit broad humoral responses. 
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1.11.3 Does the breadth, potency and effector functions of the IgG4 class 

switched members of the CAP256-VRC26 lineage differ from the 

matched IgG1 variants? 

Recently, new members of the CAP256-VRC26 lineage were recovered by an antigen-specific 

sort. Notably, these antibodies were isolated as IgG4, whereas the isotype of most of the 

previously described lineage has not been identified. The impact that the isotype has on the 

breadth, potency and cell-mediated effector functions of these new members of the CAP256-

VRC26 lineage is unknown. We expressed these antibodies as both IgG1, the most common 

isotype, and IgG4, and assessed neutralization and effector functions. Since effector functions 

contribute to protection against infection, understanding the role of the isotype in modulating 

these properties is key to an effective active and passive vaccine.  
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2. General materials and methods 
 

 Study participant  

CAP256 was a participant enrolled in the CAPRISA 002 Acute Infection study, established in 

2004 in KwaZulu-Natal, South Africa. The CAPRISA 002 study was reviewed and approved by 

the research ethics committees of the University of KwaZulu-Natal (E013/04), the University of 

Cape Town (025/2004) and the University of the Witwatersrand (MM040202). The human 

research ethics committee for the University of the Witwatersrand approved (M160934) the 

study reported herein (see 7.2, Appendix B: Ethics certificate). The specificity of her plasma 

has been described, monoclonal antibodies isolated and autologous Env evolution 

characterized [204,205,223,360,365]. 

 

 Antibody subcloning 

2.2.1 CMVR expression vector 

The CMVR vector (Figure 2.1) (NIH AIDS Reagent Program) [366], which consists of the 

human cytomegalovirus (CMV) promoter, a kanamycin resistance gene, antibody leader and 

constant domain sequences, was used to express recombinant monoclonal antibodies [366]. 

Heavy chains (HC) were cloned into CMVRHC which encodes the IgG1 constant domain and 

light chains (LC) were cloned into CMVRLC, with includes the IGKC constant region [367].  

 

2.2.2 Restriction digest 

The variable gene locus in CMVR is flanked by the AgeI and SalI (BsiW1 in CMVRLC) restriction 

sites with BamHI downstream of the constant domain (Figure 2.1). CMVR (1.6 µg) was 

linearized for subcloning according to the manufacturer’s instructions with 1.6 µL of both the 

AgeI and SalI FastDigest restriction enzymes in 1x FastDigest Buffer (Thermo Fisher Scientific) 

in a final volume of 50 µL. Following 90 min incubation at 37°C, the products were diluted in 

loading dye (0.25% bromophenol blue, 30% glycerol) and were separated on 1% agarose gels 

(1X TAE) alongside the DNA Molecular Weight Marker VII (Roche). The CMVRHC (5464 bp) 

and CMVRLC (4758 bp) vectors were cut out of the gel and purified with the QIAquick Gel 

Extraction Kit (Qiagen) as per the suggested protocol and eluted in 30 µL of Tris-Cl (10 mM, 

pH 8.5) and stored at -20°C. 
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Figure 2.1. Plasmid maps of the CMVRHC and CMVRLC antibody expression vectors.  

The expression of the antibody heavy (CMVRHC) and light (CMVRLC) chains are under the control of the CMV 

promoter [366]. The SV40 polyadenylation sequence flanks the 3’ end of constant domain and the plasmids are 

selected by kanamycin. The AgeI and SalI/BsiWI restriction sites are 5’ and 3’ of the variable and constant genes, 

respectively, with BamHI following the constant region. The lengths of the plasmids include the antibody sequence. 

 

2.2.3 Gene synthesis 

Antibody chimeras with multiple CDR exchanges were synthesized by GenScript Biotech and 

cloned into the pUC57 vector (2579 bp). The variable genes were designed with the AgeI and 

SalI restriction sites flanking the 5’ and 3’ ends of the genes, respectively. In addition, the final 

three codons of the leader sequence were included between AgeI and the start of the variable 

domain, and the first two bases of the constant region were included before SalI. The fragments 

(~440 bp) were recovered from pUC57 following the same protocol as in 2.2.2.  

 

2.2.4 DNA ligation 

The heavy and light chain genes were ligated into the CMVRHC and CMVRLC vectors, 

respectively, with the Rapid DNA Ligation Kit (Roche). The suggested protocol was followed 

and the reaction included the T4 DNA ligase (5 U), 1x T4 DNA Ligation Buffer and 1x DNA 

Dilution Buffer in a final volume of 20 µL. The mixture was incubated for 30 min at 25°C, and 

the product was stored at -20°C. 

 

 Site-directed mutagenesis 

The QuikChange Multi Site-Directed Mutagenesis Kit (Agilent Technologies) was used to 

introduce mutations into antibody and env genes, and to exchange CDRH1 and CDRH2 

CMVRHC
5853 bp

CMVRLC
5099 bp

IgG1
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regions between antibodies. The PCR reactions were set up according to the manufacturer’s 

recommendations and included 100 ng of both the template DNA and mutagenesis primers 

(Inqaba Biotec), 1x QuikChange Lightning Multi reaction buffer, 0.75 µL/reaction of 

QuikSolution and 1 µL of the QuikChange Lightning Multi enzyme blend in a final volume of 25 

µL. The cycling parameters for the mutagenesis PCR were 1x 95°C for 2 min, 30x 95°C for 20 

sec, 55°C for 30 sec and 65°C for 3 min and 10 sec (for antibody variable genes) or 4 min (for 

env), and 1x 5 min at 65°C. The template DNA was digested with 20 U of DpnI (Agilent 

Technologies) at 37°C for 2 hours and stored at -20°C. Mutagenized plasmids were 

transformed into JM109 cells (Promega) as detailed in 2.5.  

 

 Overlapping PCR 

Exchanging the CDRH3s between antibodies was achieved with a two-step overlapping PCR 

that allowed for restriction-free cloning (Figure 2.2). Primers were designed to be 

complementary to the recipient antibody and used to amplify the CDRH3 from a donor plasmid. 

This was possible due to the high degree of sequence similarity between the members of the 

CAP256-VRC26 lineage. The product of this PCR, the “megaprimer”, was used in a 

subsequent PCR to amplify the recipient antibody. The megaprimers anneal to the recipient 

plasmid while the mismatched CDRH3 sequence is displaced and, because it is not replicated, 

the native CDRH3 is replaced by the exogenous sequence from the donor antibody. 

 

 

Figure 2.2. Schema of the restriction-free cloning technique.  

(PCR 1) Primers (yellow) are designed to amplify the region of interest (blue), to match the sequence of the recipient 

plasmid adjacent to the site that will be replaced (green). (PCR 2) The product of PCR 1, the megaprimer, amplifies 

the recipient plasmid in PCR 2. The megaprimer anneals to the complementary sequences flanking the region 

targeted for replacement and the exogenous sequence (blue) is incorporated during extension.  
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To generate the megaprimers the AccuPrime Pfx DNA Polymerase (1.75 U), 1x AccuPrime Pfx 

Reaction Mix (Thermo Fisher Scientific) and 0.3 µM each of the forward and reverse primers 

(Inqaba Biotec) were used to amplify 50 ng of the recipient antibody in a 50 µL volume. The 

thermocyling conditions were 1x 95°C for 2 min, 25x 95°C for 15 sec, 56°C for 30 sec and 68°C 

for 12 sec. As detailed in 2.2.2, the products were separated by agarose gel electrophoresis 

(1.5%, 1x TAE) and the megaprimers (~180 bp) were cut out and purified. Next, the 

QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Stratagene) was used according 

the manufacturer’s guidelines (as detailed in 2.3) to amplify 100 ng of the recipient antibody 

with 100 ng of the megaprimers. Thereafter the digested and cleaned chimeric plasmids (see 

2.2.2) were transformed into XL10-Gold Ultracompetent Cells (Stratagene). 

 

 Bacterial transformation 

Ligation mixtures (2 µL) were transformed into XL10-Gold Ultracompetent Cells (Stratagene) 

with β-mercaptoethanol on ice for 30 min as per the manufacturer’s instructions. The cells were 

then heat shocked for 30 sec at 42°C, placed on ice for 2 min and incubated in antibiotic-free 

super optimal broth at 37°C for 1 hour on an orbital shaker at 150 rpm. Thereafter, an aliquot 

of the culture was spread onto agar (Sigma-Aldrich) plates with 50 µg/mL kanamycin (for 

CMVR, Sigma-Aldrich) or 50 µg/mL ampicillin (for pcDNA 3.1, see 2.10, Sigma-Aldrich) and 

incubated overnight at 37°C, and later stored at 4°C. Purified plasmids (1 µL) (see 2.6) were 

transformed into JM109 Competent Cells (Promega) on ice for 5 min. Thereafter, the same 

protocol was followed as described for the XL-Gold Ultracompetent cells. 

 

 Plasmid preparation 

For small-scale plasmid preparations (<15 µg), 2 mL of antibiotic supplemented lysogeny broth 

(LB, Sigma-Aldrich) was inoculated with an individual colony and incubated overnight at 37°C 

at 150 rpm. Plasmids were purified with the QIAprep Spin Miniprep kit (Qiagen) according to 

their guidelines and eluted in 50 µL of Tris-HCl (10 mM, pH 8.5). For larger plasmid 

preparations (<500 µg), a single colony was expanded in 2 mL of LB for 8 hours at 37°C at 150 

rpm and then diluted 1:1000 in 150 mL of fresh LB. The culture was incubated overnight at 

37°C at 150 rpm and the plasmids were purified with the QIAprep Spin Maxiprep kit (Qiagen) 

according the recommended protocol and eluted in 400 µL of Tris-HCl (10 mM, pH 8.5). The 

purity and concentration of the plasmid DNA was determined with a NanoDrop 1000 

Spectrophotometer (Thermo Fisher Scientific) and the preparations were stored at 4°C. 
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 Sanger sequencing 

Antibodies and env subcloned into CMVR and pcDNA 3.1 (see 2.10), respectively, were 

sequenced with the ABI Genetic Analyzer 3500 (Applied Biosystems) and the BigDye 

Terminator v3.1 Cycle Sequencing Kit. The suggested protocol for the PCR reaction was 

followed but the final volume was reduced to 10 µL and included 3 pmol of the PCR primer 

(Appendix table 1), 0.25x BigDye Terminator v3.1 Ready Reaction Mix and 1x BigDye 

Terminator v3.1 sequencing buffer. The thermocyling conditions were 1x 96°C for 5 min, 25x 

96°C for 10 sec, 50°C for 5 sec and 1x 60°C for 4 min. Following PCR, the products were 

precipitated for 30 min at 2000 g in sodium acetate (3M, pH 4.6, Sigma-Aldrich) diluted in 

ethanol (VWR International) and washed in 70% ice-cold ethanol for 5 min at 2000 g. After 

drying at 65°C for 4 min, the sequencing reactions were resuspended in 10 µL of the Hi-Di 

Formamide solution (Applied Biosystems) and loaded onto the ABI Genetic Analyzer 3500 for 

capillary electrophoresis. 

 

 Maintenance of mammalian cell lines 

The TZM-bl (NIH AIDS Reagent Program) and 293T (obtained from Dr. George Shaw, 

University of Pennsylvania, Philadelphia) cell lines were used for the antibody neutralization 

assays and for pseudovirus growth, respectively. The cells were cultured at 37°C (5% CO2) in 

Dulbecco’s modified Eagle medium (DMEM, Gibco) supplemented with 10% heat-inactivated 

HyClone fetal bovine serum (FBS, GE Healthcare), 50 µg/mL gentamicin (Sigma-Aldrich) and 

25 mM HEPES (Gibco). At confluency monolayers were disrupted with 0.25% trypsin and 1 

mM EDTA (Gibco) and diluted at 1:10. The 293F suspension cell line (Life Technologies) was 

used for monoclonal antibody expression and was maintained in serum and antibiotic free 

FreeStyle 293 Expression media (Life Technologies) at 37°C (10% CO2) on an orbital shaker 

(130 rpm) and diluted 1:10 when cell densities reached 3 x 106 cells/mL. 

 

 Recombinant monoclonal antibody production 

Antibodies were expressed by 293F cells that were seeded at 1x106 cells/mL the day before 

the transfection. The 40 kDa linear polyethylenimine (PEI) MAX (Polysciences) transfection 

reagent was used to co-transfect 0.5 µg/mL of CMVRHC and 0.5 µg/mL of CMVRLC in 293F 

cells. The plasmid DNA and PEI MAX (3 µg per microgram of plasmid DNA) were diluted in 

Opti-MEM (Gibco) and co-incubated for 30 min at room temperature. Next, the transfection 

mixture was added to 293F cells (~2x106 cells/mL) and incubated at 37°C (10% CO2) in an 
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orbital shaker (130 rpm) for seven days. Thereafter, the cultures were centrifuged at 2000 g for 

1 hour, the supernatants were passed through a 0.22 µm polyethersulfone (PES) Stericup filter 

(Merck Millipore) and loaded onto Protein A (Pierce) filled Econo-Pac columns (Bio-Rad). After 

passing through the column twice, the Protein A resin was washed twice with 1x PBS pH 7.2 

(Gibco) and the antibody was eluted with a glycine-HCl buffer (0.1 M, pH 2.5, Sigma-Aldrich) 

and neutralized with Trizma-HCl (1 M, pH 8, Sigma-Aldrich). The eluent was passed through 

0.22 µm PES filter (Sartorius) and loaded onto Vivaspin 50 kDa cut-off PES centrifugation spin 

columns (Sartorius) for buffer exchange (1x PBS pH 7.2, Gibco) and concentration. Before 

storage at -80°C, the purified antibody was quantified with the NanoDrop 1000 

Spectrophotometer (Thermo Fisher Scientific) and mass was determined by SDS-PAGE. 

 

2.9.1 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) 

Precast 4-12% NuPAGE polyacrylamide Bis-Tris gels (Thermo Fisher Scientific) were used to 

separate antibodies by size under denaturing conditions. The suggested protocol was followed, 

and samples were prepared by mixing 0.5 µg of antibody with 1x NuPAGE LDS Sample Buffer 

and 1x NuPAGE Reducing Agent to a final volume of 10 µL. Following heating at 70°C for 10 

min, the samples together with the Rainbow Molecular Weight Marker (Merck) were loaded 

onto the gel in 1x SDS Running Buffer supplemented with NuPAGE Antioxidant. After 

electrophoresis, gels were stained with 0.1% Coomassie Brilliant Blue R-250 (Sigma-Aldrich), 

destained in diluted in methanol and acetic acid. 

 

 HIV-1 pseudovirus production 

Pseudoviruses were produced in the 293T cell line by co-transfection with env subcloned into 

the pcDNA 3.1 vector (Thermo Fisher Scientific) and the pSG3∆env plasmid (NIH AIDS Reagent 

Program). The pSG3∆env plasmid was derived from the HIV-1 subtype B SG3.1 provirus, and 

includes non-functional env and vpu, subcloned into the ampicillin resistant pTZ19U vector 

[368]. 

 

2.10.1 Pseudovirus transfection 

The day before transfection, 8x106 293T cells in 20 mL of supplemented growth media were 

aliquoted into 75 cm2 cell culture flask (Corning). The following day, the cells were co-

transfected with 0.3 µg/mL of both the pcDNA 3.1-env and pSG3∆env plasmids and 3 µg of the 
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PEI MAX transfection reagent (Polysciences) per microgram of plasmid DNA. The plasmids 

and PEI MAX were diluted in unsupplemented DMEM (Gibco) and co-incubated at room 

temperature for 30 min. Next, the transfection solution was added to the 293T cells and 

incubated at 37°C (5% CO2) for 8 hours. Thereafter, the media was replaced and following a 

further 48-72 hour incubation, the supernatant was harvested, passed through a 0.45 µm PES 

filter (Sartorius), the FBS (Hyclone, GE Healthcare) was adjusted to 20% and the 

pseudoviruses were stored at –80°C. 

 

2.10.2 Pseudovirus titration 

The titer of pseudovirus that results in 40 000-80 000 relative light units (RLUs) following 

infection of TZM-bl cells was determined for the neutralization assay (see 2.11) [369]. 

Pseudovirus was serially diluted four-fold in supplemented growth media in 96-well flat-

bottomed plates (Corning), to a final volume of 50 µL/well. Next, 104 TZM-bl cells in 20 µL of 

supplemented growth media and 10 mg/mL of dextran was added to each well. Thereafter, the 

same protocol detailed in 2.11, was followed. 

 

 Neutralization assay 

Antibody-mediated neutralization was assessed by measuring the reduction of the infection of 

TZM-bl cells by HIV-1 pseudoviruses. TZM-bl cells are modified HeLa cells which stably 

express CD4, CCR5, CXCR4 and a Tat-inducible firefly luciferase gene [370]. The assay was 

set up in 96-well flat-bottomed plates (Corning). Antibodies were serially diluted ten-fold from 

a starting concentration of 20-100 mg/mL in supplemented growth media and 25 µL was added 

per well. The pseudovirus was diluted in supplemented growth media as per the titer 

determined in 2.10.2. Pseudovirus (25 µL) was added to the diluted antibody and incubated for 

1 hour at 37°C (5% CO2) and then 104 TZM-bl cells in 20 µL of supplemented growth media 

and 10 mg/mL of DEAE-dextran hydrochloride (Sigma-Aldrich) was added to each well. The 

plates were incubated at 37°C (5% CO2) and after 24 hours, 130 µL of fresh supplemented 

growth media was added to each well. Following another 24-48 hour incubation, 100 µL per 

well of supernatant was removed, 100 µL of Bright-Glo Luciferase Reagent (Promega) was 

added and after 2 min at room temperature, 150 µL per well of the mixture was transferred to 

a black 96-well flat-bottomed plate (Corning) and fluorescence was measured on a VICTOR3 

1420 Multilabel Counter (PerkinElmer). The percentage of neutralization was calculated by 

dividing the difference between the average RLU of each antibody dilution and the average 

RLU of the cell control by the difference between the average RLU of the virus control and the 
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average RLU of the cell control [369]. Antibody titers (IC50) were calculated as the reciprocal of 

the dilution required to inhibit 50% of the RLU signal [371]. 

 

 Antibody and HIV-1 Env models 

The crystal or cryo-electron microscopy structures for antibodies, Env trimers and gp120 

monomers were downloaded from the Protein Data Bank (PDB, rcsb.org). In the absence of 

an antibody structure, the amino acid sequence of the antibody was fitted to the structure of a 

related antibody in Swiss-PdbViewer (v4.1.0) (Swiss Institute of Bioinformatics) [372]. 

Structures and models were aligned and visualized in the PyMOL Molecular Graphics System 

(v2.0.2) (Schrödinger). 

 

 Data analysis 

Graphs were created with GraphPad Prism 8 (GraphPad Software), chromatograms were 

analyzed in Sequencher (v5.4.1) (Gene Codes) and nucleotide sequences were aligned in 

BioEdit (v7.2.5) (Ibis Therapeutics). Maximum likelihood phylogenetic trees were constructed 

in MEGA X (v10.0.4) with the Tamura-Nei model [373]. Statistical testing was conducted with 

GraphPad Prism 8 and comparisons between groups were done with two-sided non-

parametric tests at the 0.05 alpha level. Paired groups were compared with the Wilcoxon 

matched-pairs signed rank test and the Mann-Whitney test was utilized for unpaired groups. 

Significant differences at the 0.05 alpha level for parametric paired data was done with two-

sided paired t-tests. 
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 Abstract 

Previously we have described the V2-directed CAP256-VRC26 lineage that includes broadly 

neutralizing antibodies (bNAbs) that neutralize globally diverse strains of HIV. We also 

identified highly mutated “off-track” lineage members that share high sequence identity to 

broad members but lack breadth. Here, we defined the mutations that limit the breadth of these 

antibodies and the probability of their emergence. Mutants and chimeras between two pairs of 

closely related antibodies were generated: CAP256.04 and CAP256.25 (30% and 63% breadth, 

respectively) and CAP256.20 and CAP256.27 (2% and 59% breadth). Antibodies were tested 

against 14 heterologous HIV-1 viruses and select mutants to assess breadth and epitope 

specificity. A single R100rA mutation in the third complementarity-determining region of the 

heavy chain (CDRH3) introduced breadth into CAP256.04, but all three CAP256.25 heavy 

chain CDRs were required for potency. In contrast, in the CAP256.20/27 chimeras, replacing 

only the CDRH3 of CAP256.20 with that of CAP256.27 completely recapitulated breadth and 

potency, likely through the introduction of three charge-reducing mutations. In this individual, 

the mutations that limited the breadth of the off-track antibodies were predicted to occur with 

higher a probability than those in the naturally paired bNAbs, suggesting a low barrier to the 

evolution of the off-track phenotype. Mapping studies to determine the viral immunotypes (or 

epitope variants) that selected off-track antibodies indicated that unlike broader lineage 

members, CAP256.20 preferentially neutralized viruses containing 169Q. This suggests that 

this globally rare immunotype, which was common in donor CAP256, drove the off-track 

phenotype. These data show that affinity maturation to counter globally rare viral immunotypes 

can drive antibodies within a broad lineage along multiple pathways towards strain-specificity. 

Defining developmental pathways towards and away from breadth may facilitate the selection 

of immunogens that elicit bNAbs and minimize off-track antibodies. 
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 Author summary 

Broadly neutralizing antibodies (bNAbs) develop in some HIV infected individuals, partly due 

to their complex evolutionary pathways that are characterized by extensive somatic 

hypermutation (SHM). Furthermore, bNAbs within a lineage may form a minor subset, amidst 

many strain-specific “siblings”, indicating that minor sequence differences between lineage 

members can significantly effect neutralization. Here, we define mutations that limit breadth in 

two “off-track” members of the CAP256-VRC26 bNAb lineage, and show that these occur with 

relatively high probability. A dominant autologous virus with a globally rare V2 sequence 

appears to have selected for an off-track antibody, providing a mechanism for the development 

of this antibody during infection. These data highlight the complex interdependencies between 

high levels of SHM and breadth, as mutations that neutralize autologous viruses may limit 

heterologous breadth. Consequently, strategies to increase SHM by repeated vaccinations will 

require careful antigen selection to focus the humoral response to globally common epitopes, 

limiting off-track responses.  
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 Introduction 

Antiretroviral therapy has transformed HIV from a progressive fatal infection to a manageable 

chronic disease [8]. However, a preventative vaccine is urgently needed as drug resistance, 

access to medication and adverse side effects hamper the utility of antiretroviral drugs. Despite 

intensive research, strategies to induce protective immune responses by vaccination have 

achieved little success [290]. While neutralizing antibodies are elicited during HIV infection, the 

response is typically strain-specific. However, ~20% of individuals develop broadly neutralizing 

antibodies (bNAbs) which potently neutralize diverse global viruses in vitro and protect non-

human primates from infection [152,153,159,374–376]. Therefore, understanding the 

mechanisms behind the elicitation and evolution of bNAbs is central to the development of an 

HIV vaccine. 

 

During infection, the humoral response targets the HIV envelope (Env) glycoprotein which 

consists of three heavily glycosylated non-covalently linked gp41-gp120 protomers. While 

strain-specific antibodies recognize exposed and variable sites, bNAbs target relatively 

conserved and occluded sites, including the membrane proximal external region (MPER), 

gp120-gp41 interface, CD4-binding site (CD4bs), silent face, N332 supersite and a quaternary 

V1V2 epitope at the trimer apex [167]. Many V1V2 directed bNAbs have atypically long (>24 

amino acids) third complementarity-determining regions of the heavy chain (CDRH3) which 

provides access to glycan shielded and buried epitopes [161,172,204,205,232]. Additionally, 

bNAbs frequently exhibit unusually extensive somatic hypermutation (SHM), which suggests 

multiple rounds of affinity maturation. Understanding how these unusual features arise is 

critical to recapitulating this process by vaccination. 

 

The degree to which SHM and affinity maturation occurs is influenced by HIV diversity and 

antigen load [123]. A number of longitudinal studies describing the “arms race” between viral 

quasispecies and bNAb lineages have provided insights into the evolution of breadth [377]. 

These studies have identified “bNAb-initiating Envs” that engage antibody precursors as well 

as emerging viral variants, which select bNAb intermediates 

[187,189,197,203,205,220,223,229]. We have extensively studied virus/antibody co-evolution 

in the superinfected CAP256 donor from whom 33 members of the CAP256-VRC26 V2-

targetting bNAb lineage were isolated [204,205,223]. The evolution of this lineage was 

elucidated through the analysis of longitudinal viral and antibody deep sequences from 59-206 

weeks post infection [204,205,223]. Viruses from six weeks post infection were sensitive to 

neutralization by CAP256 lineage members but by 59 weeks post infection most viruses were 

resistant. Similar to other V2-directed bNAbs, the CAP256-VRC26 lineage members have very 
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long (35-37 amino acid, aa) anionic and tyrosine sulfated CDRH3s that recognize the 

electropositive V2 apex [207]. Modeling and mapping studies show that several residues within 

the CDRH3 are critical for epitope recognition, including the tyrosine sulfated YYD motif at the 

apex of the CDRH3 [207]. This motif is present in the unmutated common ancestor (UCA) of 

the CAP256-VRC26 lineage, 27 of the 33 lineage members as well as other V2-directed bNAbs 

such as PG9 and PG16 [204,232]. In addition, the CDRH1 has been shown to stabilize the 

CDRH3, and residues in CDRH2 have been implicated in glycan recognition [206,361]. Within 

strands B and C of the viral Env protein, the CAP256-VRC26 lineage’s footprint includes 

residues N160, R166, D167, K168 and K169 and is similar to other V2 glycan bNAbs (PG9 

and PG16). The breadth, potency and extent of SHM of CAP256-VRC26 lineage members 

ranges from 2-63%, 0.003-5.00 µg/mL and 4.2-18%, respectively [204].  

 

SHM, which is mediated by activation‐induced cytidine deaminase (AID), is essential for 

breadth as bNAb germline-revertants generally lack substantial binding and neutralization 

[193,225,227,232,234]. Mutations that are selected during affinity maturation may increase 

antibody-antigen affinity directly at the paratope or indirectly by improving stability [378,379]. 

SHM is a semi-random process as AID hot-spots (WRCH/Y, W=A/T, R=A/G and H=A/C/T) and 

cold-spots (SYC, S=C/G and Y=C/T) are distributed throughout the antibody variable regions. 

Consequently, mutations associated with breadth are unlikely to occur if they are in cold-spots 

and/or require more than one nucleotide change [128,380]. Additionally neutral mutations can 

accumulate via co-selection and constitutive background mutational noise [379]. Although 

increased SHM is generally associated with neutralization breadth, exceptions exist within the 

CAP256-VRC26 and other bNAb lineages. We have previously described these non-broad but 

highly mutated CAP256 antibodies as “off-track” [223]. Such off-track antibodies have been 

recovered from bNAb lineages in several individuals. 1AZCETI5 is a clonal member of the 

CD4bs CH103 bNAb lineage, and shares VDJ genes, CDRH3 length and extent of SHM with 

bNAb CH103, but the former only neutralizes autologous viruses [197]. The PGDM1400 bNAb, 

a member of the V2 glycan targeting PGDM lineage with 83% breadth has similar genetic 

properties to PGDM1406, but the latter exhibits limited breadth (6%) [201]. Similarly, within the 

PGT121 N332 targeting bNAb lineage are two heavy chains (22H and 6H) that are related to 

broad members but exhibit no neutralization [242]. As monoclonal antibody isolation 

methodologies are designed to recover bNAbs, the proportion of off-track antibodies in bNAb 

lineages is unknown. However, the finding that 40% of related antibodies recovered by flow 

cytometry from the donor of the CD4bs bNAb, VRC-PG04, were off-track it indicates that such 

antibodies may be common [244].  
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Collectively, studies into co-evolution and bNAb targets have identified candidate antigens to 

initiate antibody lineages and guide the development of breadth. Indeed, native-like Env trimers 

administered in combination or sequentially  elicits tier 2 neutralizing antibodies in mice and 

rabbits, providing a strong rationale to test similar immunogens in people 

[233,294,318,336,381].  Importantly, the mutations crucial for breadth and potency as well as 

those that confer an off-track phenotype in bNAb lineages are largely unknown. Identification 

of these mutations will inform the design of vaccine antigens that elicit breadth but dampen the 

evolution of off-track responses. The high degree of sequence identity between CAP256-

VRC26 bNAbs and their off-track relatives, the richly populated lineage and the availability of 

contemporaneous viral sequences is an ideal opportunity to compare off-track antibodies with 

bNAbs to determine why these antibodies lack breadth.  

 

Here we define key residues that restrict neutralization breadth and potency in two off-track 

antibodies within the CAP256-VRC26 lineage. We found that in one off-track/bNAb pair, 

residues in each of the three CDRHs were necessary for potency and that a key breadth-

conferring mutation in the CDRH3 was highly improbable. In the second pair, we show that the 

CDRH3 was completely responsible for modulating neutralization and that the mutations 

leading to the off-track phenotype were relatively probable. Lastly, through epitope mapping 

we identified viruses that guided the evolution of an off-track antibody toward a globally rare 

immunotype. This study highlights the stochastic nature of SHM and shows that breadth-

restricting mutations typically arise with a greater probability than breadth-conferring mutations. 

This work provides insights into the evolution of breadth and mature strain-specificity, informing 

the design of immunogens that minimize the elicitation of off-track mutations while guiding 

evolution to globally conserved sites. 
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 Materials and Methods 

3.4.1 Ethics statement 

The human research ethics committee for the University of the Witwatersrand approved 

(M160934) the study reported herein (see 7.2, page 111, Appendix B: Ethics certificate). Refer 

to 2.1 (page 31) for additional information. 

 

3.4.2 Overlapping PCR and site-directed mutagenesis 

Exchanging the CDRH3s between monoclonal antibodies was achieved with a two-step 

overlapping PCR (2.4, page 33) and site-directed mutagenesis (2.3, page 32). The primers 

used for the reactions are in Appendix table 2. Genes with CDRH1, CDRH2 and CDRH3 

exchanges were synthesized (GenScript, 2.2.3, page 32) and cloned in CMVRHC as per 2.2.2 

and 2.2.4 (pages 31 and 32, respectively). Mutations in both antibody and env genes were 

introduced by site-directed mutagenesis (2.3) with primers listed in Appendix table 2 and 

Appendix table 3, respectively. Plasmids were sequenced (see 2.7, page 35) with primers in 

Appendix table 1. 

 

3.4.3 Cell lines 

Briefly, the TZM-bl, 293T and 293F cell lines were utilized for the antibody neutralization assays, 

pseudovirus growth and monoclonal antibody production, respectively. For additional details, 

see 2.8 (page 35). 

 

3.4.4 Pseudovirus production 

Refer to 2.10 (page 36) for the protocol. Briefly, 293T cells were co-transfected with PEI MAX 

(Polysciences) with env and pSG3∆env plasmids, and the supernatants were titered with the 

TZM-bl cell line. 
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3.4.5 Antibody expression 

The method in 2.9 (page 35) was followed. Briefly, the 293F cell line was co-transfected with 

PEI MAX (Polysciences) with the CMVRHC and CMVRLC plasmids and the monoclonal 

antibodies were isolated from the supernatant with Protein A resin (Pierce) columns. 

 

3.4.6 Neutralization assays 

Antibody-mediated neutralization was measured with the TZM-bl neutralization assay as a 

function of the reduction of Tat-inducible luciferase fluorescence. See 2.11, (page 37) for 

additional information. 

 

3.4.7 Models 

The crystal structures of CAP256.04 (PDB: 4ORG) was aligned to the crystal structure of 

CAP256.25 and CAP256 34-week trimer in PyMOL (v2.0.2). No structures were available for 

CAP256.20 and CAP256.27, therefore the amino acid sequences of these antibodies were 

fitted to the crystal structure of CAP256.25 in Swiss-PdbViewer (v4.1.0) and aligned in PyMOL 

as detailed in 2.12 (page 38). Protein model representations were created with Swiss-

PdbViewer and PyMOL. Graphs were created in GraphPad Prism 6, sequence alignments 

were made in BioEdit (v7.2.5) and phylogenetic trees were constructed in MEGA (v6.06). 

 

3.4.8 Probability of antibody mutations 

The Antigen Receptor Mutation Analyzer for Detection of Low Likelihood Occurrences 

(ARMADiLLO) program estimates the probability of amino acid substitutions prior to antigenic 

selection [380]. Briefly, 104 simulated mature sequences per site of interest are generated with 

the S5F mutability and substitution models through comparison of the nucleotides sequences 

of the CAP256.UCA and a given mature lineage member [128]. The probability of particular 

amino acid substitutions is then estimated by the frequency of the observed site in the set of 

simulated sequences. Here, a mutation of <2% probability is classified as “improbable” as this 

reflects a frequency ≤2 B-cells per germinal center harboring that particular mutation [380]. 

Probabilities of combinations of mutations are derived from the products of individual 

probabilities. 
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3.4.9 Data analysis 

Graphs were created with GraphPad Prism 8 (GraphPad Software), chromatograms were 

analyzed in Sequencher (v5.4.1) (Gene Codes) and nucleotide sequences were aligned in 

BioEdit (v7.2.5) (Ibis Therapeutics). Maximum likelihood phylogenetic trees were constructed 

in MEGA X (v10.0.4) and statistical testing was conducted with GraphPad Prism 8. See 2.13 

(page 38) for more information. 
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 Results 

3.5.1 Neutralization breadth is mediated by the CAP256-VRC26 antibody 

heavy chain 

To determine the genetic determinants that controlled the off-track phenotype, we selected two 

bNAbs with high sequence identity to two off-track antibodies. Off-track antibodies were 

defined as having low neutralization breadth despite their capacity to neutralize early 

autologous viruses [223], extensive sequence maturation and identity to related bNAb lineage 

members. The CAP256.25 bNAb was paired with the off-track antibody CAP256.04 and bNAb 

CAP256.27 was paired with the off-track antibody, CAP256.20. The two pairs of antibodies 

cluster together on a maximum likelihood tree (Figure 3.1 A), consistent with our previous 

observations that antibodies with considerably different breadth may differ by relatively few 

amino acids [223]. The heavy and light chain of CAP256.04 (30% breadth, 0.27 µg/mL potency, 

9% SHM) both share 92% sequence identity with the heavy and light chain of bNAb CAP256.25 

(63% breadth, 0.003 µg/mL potency, 12% SHM) (Figure 3.1 A). Within the second pair, the 

heavy and light chain of CAP256.20 (2% breadth, 1.87 µg/mL potency, 16% SHM) shares 93% 

and 96% sequence identity with the CAP256.27 heavy and light chain (59% breadth, 0.047 

µg/mL potency, 16% SHM), respectively (Figure 3.1 A). A total of eighteen amino acids differ 

between the heavy chain and 11 amino acids between the light chain of CAP256.04 (orange) 

and CAP256.25 (brown) which are displayed as yellow spheres in an alignment of the two 

antibodies (Figure 3.1 B). Seventeen amino acids (yellow spheres) differentiate the heavy 

chains and four the light chains of CAP256.27 (purple) and CAP256.20 (light purple) (Figure 

3.1 B).  

 

As neutralization by members of the CAP256 bNAb lineage has been largely attributed to the 

heavy chain (HC) [205], we first confirmed that the light chain (LC) was not responsible for the 

off-track phenotype of CAP256.04 and CAP256.20. We generated chimeras between the 

heavy chains (HC) and light chains (LC) of each off-track/bNAb pair (25 HC + 04 LC, 04 HC + 

25 LC and 27 HC + 20 LC, 20 HC + 27 LC) and tested their neutralization against both CAP256 

infecting viruses (the primary and superinfecting viruses) and 14 heterologous viruses. The 

titers did not differ significantly (Wilcoxon matched-pairs) between the chimeric antibodies and 

the natural antibody from which the heavy chain was donated (Figure 3.1 C). These data 

indicate that the light chain has no impact on the neutralization breadth within these pairs, 

consistent with structural analyzes showing no light chain contacts with the viral epitope [206], 

and we therefore focused on the heavy chain in subsequent studies. 
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Figure 3.1. The heavy chain mediates the off-track phenotype.  

(A) Maximum likelihood phylogenetic tree, rooted on the CAP256.UCA, with 33 clonally related VH sequences of 

monoclonal antibodies isolated from donor CAP256. Highlighted are CAP256.04 (orange), CAP256.25 (brown), 

CAP256.20 (light purple) and CAP256.27 (purple). Neutralization breadth, potency, VH SHM (related to 

CAP256.UCA) and the number of amino acids that differ between the CDR and FR of each pair are tabulated below. 

Breadth and potency (mean IC50) was calculated from a panel of 46 heterologous viruses [204]. (B, left) The amino 

acid sequence of CAP256.04 (orange) was fitted to a structure of CAP256.25 and CAP256 34-week trimer in Swiss-

PdbViewer (v4.1.0), aligned in PyMOL (v2.0.2) and displayed as cartoons. (B, right) The amino acid sequences of 

CAP256.27 (purple) and CAP256.20 (light purple) were fitted to CAP256.25 in Swiss-PdbViewer (v4.1.0) and 

aligned in PyMOL (v2.0.2). The amino acids that differ between each bNAb and matched off-track antibody are 

represented as yellow spheres.  (C) The light chains were exchanged between each bNAb/off-track pair and 

*neutralization (IC50, µg/mL) was tested against (n=16) pseudoviruses. 
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3.5.2 Introduction of potency into CAP256.04 requires a combination of the 

CAP256.25 CDRHs 

To determine which regions of the heavy chain restrict the breadth of CAP256.04, we 

constructed several chimeras and point mutants between CAP256.25 and CAP256.04, 

focusing initially on the CDRHs. The sequence variation between the CDRHs is shown in 

Figure 3.2 A and includes charge and hydrophobicity differences between the two antibodies 

(R28S, D30N, G31R, H53Y, K57T, A100rR and N100ddF) and an insertion (G100w) in 

CAP256.25 that is absent from CAP256.04 (Figure 3.1 A). We first transplanted all the 

CAP256.25 CDRHs (12 amino acid changes in total) into CAP256.04, creating 

CAP256.0425H123 (Figure 3.2 B). Antibodies were tested against a panel of 16 viruses that were 

sensitive to CAP256.25 (geometric mean, GM, potency of 0.002 µg/mL against this panel), of 

which 8 were neutralized by CAP256.04 (with a 230-fold lower GM potency of 0.17 µg/mL) 

(Figure 3.2 B). The neutralization breadth and potency of the CAP256.0425H123 chimera (which 

neutralized all 16 viruses with a GM potency of 0.008 µg/mL) matched that of CAP256.25 

(0.003 µg/mL) (Figure 3.2 B). In the reverse experiment, introducing the framework (FR) 

regions from CAP256.25 into CAP256.04 (CAP256.0425FR123) had no effect on breadth (Figure 

3.2 B). These data suggest that the mutations in the CDRs, rather than the FR regions restrict 

the breadth of CAP256.04.    

 

Next, to dissect the role of individual CDRHs, each was individually swapped between the two 

parental antibodies. CAP256.0425H1 neutralized two additional viruses (ZM214 and ZM249) 

that were resistant to CAP256.04 (Figure 3.2 B). In addition, we observed virus-specific 

increases in potency for some sensitive viruses (with a 6-18-fold improvement for Du156, Q259, 

and Du422 and a 250-fold increase in potency for CAP45). In contrast, CAP256.0425H2 

neutralized the same number of viruses as CAP256.04 (Figure 3.2 B), though again slight 

virus-specific differences in potency were observed, with CAP45 becoming resistant to 

CAP256.0425H2 while PVO gained sensitivity (Figure 3.2 B). The largest effect of a single CDRH 

swap was observed for the CDRH3 which differed by six amino acids. CAP256.0425H3 

neutralized six additional viruses (ZM109, PVO, ZM214, ZM249, Q461 and Q842) (Figure 3.2 

B) although with similar potency to CAP256.04 (0.39 µg/mL and 0.17 µg/mL, respectively). This 

was confirmed in the reverse experiment, where the CAP256.04 CDRH3 was introduced into 

CAP256.25 (CAP256.2504H3) resulting in reduced breadth (Figure 3.2 B). Overall, these data 

suggest that the breadth of the CAP256.04 off-track phenotype is modulated by the CDRH3, 

but potency is attenuated by a combination of all three CDRHs. 
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Figure 3.2. One mutation is required to introduce breadth into CAP256.04 while mutations in CDRH1, CDRH2 and 

CDRH3 are required for potency.  

(A) Comparison of the CDR sequences, including the length and charge of the CDRH3 of CAP256.04 (orange) and 

CAP256.25 (brown). The blue boxes highlights key off-track mutations. (B) Neutralization data using mutants and 

chimeras (indicated schematically above the table) between CAP256.25 and CAP256.04, with neutralization 

potency indicated by color, as shown in the key. Neutralization data represents the arithmetic mean titers (IC50, 

µg/mL) from at least two experiments.  

 

3.5.3 Introduction of breadth into CAP256.04 requires a single improbable 
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As the CAP256.25 CDRH3 conferred additional breadth into CAP256.04, we assessed which 

residue(s) were responsible for this effect (Figure 3.2). Mutating CDRH3 residues that altered 

the charge (K102N) or aromaticity (F100ddA) of the CDRH3 failed to improve the neutralization 

of CAP256.04 (Figure 3.3). In contrast, the R100rA mutation, which removed a positive charge 

from the CDRH3, improved the breadth of CAP256.04 from 50% to 94% of this panel, with 

seven viruses resistant to CAP256.04 becoming sensitive to CAP256.04 R100rA (Figure 3.2 

B). Interestingly, this single mutation recapitulated the breadth introduced into CAP256.04 by 

the entire CAP256.25 CDHR3. The reverse mutant, CAP256.25 A100rR similarly resulted in a 
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CAP256.15-wk.SU 0.00001 0.0001 0.001 0.002 0.0002 0.001 0.003 0.001 0.0001 0.001 0.003 0.002

CAP256.6-wk.PI 0.09 1.62 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100

CAP210.E8 0.00001 0.00003 0.01 0.005 0.003 0.004 0.01 0.01 0.004 0.005 0.005 0.01

ZM53 M.PB12.2 0.0001 0.0003 0.004 0.004 0.001 0.002 0.01 0.001 0.001 0.004 0.01 0.004

ZM197.7 0.002 0.002 0.04 0.04 0.04 0.08 0.07 0.19 0.39 8.17 3.80 0.44

Du156.12 0.001 0.002 0.78 0.28 1.74 9.46 1.88 0.77 24.79 50.97 6.38 4.92

Q259.d2.17 0.002 0.005 0.03 0.01 0.04 0.38 0.04 0.04 5.66 14.95 1.13 0.70

CAP45.G3 0.00002 0.0003 0.004 0.002 0.01 0.04 0.002 0.003 >100 >100 0.86 0.77

Du422.01 0.0007 0.03 2.32 0.14 0.38 15.33 5.28 0.52 9.72 8.02 5.40 8.50

ZM109.4 0.003 0.01 16.66 2.04 31.34 >100 29.45 >100 >100 >100 >100 >100

PVO.04 0.08 0.30 35.35 15.48 37.88 50.12 46.51 >100 50.16 >100 >100 >100

ZM214.15 0.003 0.002 3.95 0.31 0.41 4.51 1.88 45.65 >100 >100 >100 >100

ZM249.1 0.01 0.004 0.52 0.10 0.01 0.10 0.24 13.73 >100 >100 >100 >100

AC10.29 0.25 11.47 84.63 38.21 >100 >100 >100 >100 >100 >100 >100 >100

Q461.e2 0.01 0.02 35.28 18.94 >100 >100 94.64 >100 >100 >100 >100 >100

Q842.d12 0.01 0.50 13.09 6.65 1.31 2.34 20.93 >100 >100 >100 >100 >100

MLV >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100

Geo mean IC50 0.002 0.008 0.46 0.18 0.09 0.25 0.44 0.09 0.23 0.37 0.25 0.17

% neutralization 100 100 94 94 81 75 88 63 50 44 50 50
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substantial loss of breadth (Figure 3.3). The combination of R100rA with the CAP256.25 

CDRH1 did not confer additional breadth beyond that introduced by R100rA (Figure 3.2 B) and, 

surprisingly, the addition of the CDRH2 to either CAP256.04 R100rA or CAP256.0425H1 R100rA 

reduced the breadth of these antibodies (Figure 3.2 B).  

 

 

Figure 3.3.  Neutral and deleterious mutations in the CAP256.25/04 pair.  

Neutralization data using mutants (indicated schematically above the table) between CAP256.25 and CAP256.04, 

potency indicated as per the key. Arithmetic mean titers (IC50, µg/mL) from at least two experiments are reported. 

 

To model the interactions between V2 and CAP256.04 or CAP256.25, we fitted the sequence 

of CAP256.04 to the crystal structure of CAP256.25 in complex with the CAP256-34 week 

trimer which shares key contact residues for the CAP256-VRC26 lineage, including N160, 

R166, D167, K168 and K169 with CAP256.15-wk SU (Figure 3.4 A), and which likely triggered 

the lineage [223]. The model showed that the N130 glycan projects from the trimer and is 

situated proximal to the CDRH1. The CAP256.25 R28 residue was predicted to hydrogen bond 

with the N130 glycan while CAP256.04 S28 was not predicted to interact with this glycan. 

Surprisingly, the introduction of S28R to CAP256.04 R100rA and CAP256.0425H3 (Figure 3.3) 

decreased the breadth of these antibodies by five and four viruses, respectively, although the 

potency remained unchanged. Together with R100rA, the combination of S28R and N30D 

increased the breadth compared to S28R alone, but two viruses (PVO.04 and AC10.29) 
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256.04 

S28R 
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256.0425H3 

S28R
256.04

256.04 

F100ddA

256.04 

K102N 

256.04 

F100ddA 

K102N 

CAP256.15-wk.SU 0.0001 0.0001 0.001 0.002 0.001 0.031 0.008 0.002 <0.02 <0.02 0.002

CAP256.6-wk.PI 4.120 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100

CAP210.E8 0.0001 0.0001 0.01 0.005 0.006 0.143 0.088 0.009 <0.02 <0.02 0.006

ZM53 M.PB12.2 0.0001 0.0001 0.004 0.004 0.004 0.128 0.066 0.004 <0.02 <0.02 0.005

ZM197.7 0.002 0.006 0.04 0.04 0.14 2.36 1.32 0.44 1.73 3.06 1.77

DU156.12 0.001 0.02 0.78 0.28 0.41 0.08 0.06 4.92 7.08 10.68 6.91

Q259.d2.17 0.002 0.01 0.03 0.01 0.03 0.66 2.30 0.70 0.40 1.16 0.44

CAP45.G3 0.0002 0.0005 0.004 0.002 0.006 0.07 0.25 0.77 0.79 7.97 0.65

DU422.01 0.05 0.02 2.32 0.14 1.27 29.44 40.33 8.50 15.26 24.81 10.90

ZM109.4 0.003 >100 16.66 2.04 15.10 >100 >100 >100 >100 >100 >100

PVO.04 0.08 1.15 35.35 15.48 >100 >100 >100 >100 >100 >100 >100

ZM214.15 0.003 >100 3.95 0.31 1.01 2.126 5.762 >100 >100 >100 >100

ZM249.1 0.005 >100 0.52 0.10 0.30 0.821 2.622 >100 >100 >100 >100

AC10.29 0.25 >100 84.63 38.21 >100 >100 >100 >100 >100 >100 >100

Q461.e2 0.03 0.72 35.28 18.94 47.64 >100 >100 >100 >100 >100 >100

Q842.d12 0.010 2.86 13.09 6.65 47.57 >100 >100 >100 >100 >100 >100

MLV >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100

Mean IC50 0.005 0.009 0.46 0.18 0.21 0.44 0.51 0.17 nd nd 0.20

% breadth 100 69 94 94 81 63 63 50 50 50 50
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remained resistant to neutralization (Figure 3.3). The conformation of the CDRH3 is partly 

supported by the intermolecular interactions between this loop and the CDRH1 and CDRH2 

[206,361]. Consequently, the interaction between R28 and the CDRH3 may shift the CDRH1 

toward the N130 glycan, which may be countered by the N30 residue (Figure 3.4 A, top panel). 

Furthermore, the model showed that 100r was positioned in close proximity to the viral residue 

K168, and that K168 was hydrogen bonded to the CDRH3 residue E100c (Figure 3.4 A, bottom 

panel). Therefore, due to electrostatic repulsion, R100r likely displaces K168, disrupting the 

interaction between K168 and E100c. In contrast, CAP256.25 has a small, uncharged Ala at 

position 100r which would not obstruct the adjacent bond. This suggests that an R100rA 

mutation may reduce electrostatic repulsion and therefore increase antigen affinity, providing 

a mechanism for the enhanced breadth associated with this mutation. 

 

 

Figure 3.4. The structural effect and probabilities of the CAP256.04 off-track mutations S28, N30 and R100r.  

(A) The amino acid sequence of CAP256.04 (orange) was fitted to a model of CAP256.25 (brown) and the V1V2 of 

trimeric CAP256 34-week Env (grey, [206]) in Swiss-PdbViewer (v4.1.0) and visualized in PyMOL (v2.0.2). The top 

inset shows the CAP256.25 CDRH1 D30 (brown) residue and a hydrogen bond between CAP256.25 CDRH1 

residue R28 (brown), and the glycan at N130. The bottom inset displays CAP256.04 R100r (orange) in proximity to 

V2 K168. Symbols + and - denote positive and negative charge, respectively. (B) The germline (T28, S30 and Q100r) 
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and mature amino acid sequences (CAP256.25 T28R, S30D and Q100rA, and CAP256.04 T28S, S30N and Q100rR) 

at codons 28, 30 and 100r are displayed with the nucleotide sequence of each codon. Blue and red text indicates 

AID cold-and hotspots, respectively. Green text refers to mutations and yellow to pink shading indicates low and 

high probability mutations, respectively. The mutability scores are shown below each nucleotide.  

 

Next, to estimate the probability of the occurrence of mutations prior to selection that are 

associated with the off-track phenotype, we utilized the ARMADiLLO software [380]. We first 

assessed the probability of the CDRH1 T28 residue (found in the CAP256.UCA) mutating to 

either 28R (as in CAP256.25) or 28S (in CAP256.04, Figure 3.2 A). We found that the 

CAP256.25 T28R mutation was improbable (0.41%), requiring two base changes (ACC to 

AGG), whereas T28S (in CAP256.04) was ten times more probable (5.1%), requiring only one 

change (ACC to TCC, Figure 3.4 B). Similarly, two base changes were necessary for the 

improbable (1.1%) mutation S30D (in CAP256.25), whereas S30N (in CAP256.04) was a 

probable (14.7%) event as it occurred in an AID hot-spot (Figure 3.4 B). The combination of 

T28R and S30D (in CAP256.25), which was necessary for neutralization when transplanted 

into CAP256.04, was a highly improbable event (0.004%, Figure 3.4 B). Furthermore, the 

CDRH3 Q100rA mutation, that confers breadth to CAP256.25, was predicted to occur very 

rarely with a ~0.019% probability, requiring two base changes (CAA to GCA), one of which was 

in an AID cold-spot (Figure 3.4 B). In contrast, we found that Q100rR that results in the off-

track phenotype was predicted to occur with a much higher probability of 4.7%, requiring only 

a single nucleotide change that was not located within an AID cold-spot (Figure 3.4 B). 

Furthermore, the improbability of the evolution of T28R, N30D and Q100rA was reflected in 

next-generation sequences of the CAP256 lineage [223,382], where T28R, S30D and Q100rA 

together accounted for <2% of the sequences. Altogether, this suggests that a single relatively 

probable mutation in the CDRH3 primarily limits the neutralization breadth of CAP256.04. 

 

3.5.4 The CDRH3 alone modulates neutralization breadth and potency of the 

off-track antibody CAP256.20 

Subsequently, we sought to determine which sites were responsible for the off-track phenotype 

of CAP256.20 compared to the related bNAb, CAP256.27 (Figure 3.5 A). Of the 6 amino acids 

that distinguish these CDRH3s, several were charge changes, with overall CDRH3 charge of 

-7 and -3 in CAP256.27 and CAP256.20, respectively. First, we transplanted the CDRH3 from 

CAP256.27 into CAP256.20 (CAP256.2027H3) and tested this chimera for neutralization breadth. 

In contrast to the CAP256.04/.25 pair, transfer of only the CAP256.27 CDRH3 into CAP256.20 

introduced both bNAb-like breadth and potency into the off-track antibody, increasing breadth 

from 1/16 to 14/16 viruses and potency from 2.92 to 0.05 µg/mL (Figure 3.5 B). In the reverse 
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experiment, replacing the CDRH3 of CAP256.27 with that of CAP256.20 (CAP256.2720H3) 

almost completely abrogated neutralization (Figure 3.5 B). 

 

 

Figure 3.5. The CDRH3 alone restricts the neutralization breadth and potency of CAP256.20.  

(A) Comparison of the CDR sequences of CAP256.20 (light purple) and CAP256.27 (purple). The blue box highlights 

key off-track mutations. (B) Neutralization data using mutants and chimeras (indicated schematically above the 

table) between CAP256.27 and CAP256.20, with neutralization potency by color, as shown in the key. Neutralization 

data represents the arithmetic mean titers (IC50, µg/mL) from at least two experiments. 

 

To determine which of the six residues within the CDRH3 of 256.20 limited breadth, we focused 

on three residues which altered the electronegativity of the loop, R100d, H100j and V100n 

(Figure 3.5 A), and mutated these sites alone and in combination. The V100nE mutation, which 

slightly decreased the charge of the CDRH3 only marginally improved neutralization breadth 

by one additional virus (the autologous superinfecting virus, CAP256.15-wk SU) (Figure 3.5 B). 

R100dW also decreased the charge and increased breadth by an additional three viruses 

(CAP256.15-wk SU, CAP210 and ZM197). Similarly, introduction of an H100jD mutation 
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256.20 256.2720H3

CAP256.15-wk.SU 0.002 0.002 0.001 0.002 0.007 0.06 5.30 >100 >100

CAP256.6-wk.PI >100 >100 >100 >100 >100 >100 >100 >100 >100

CAP210.E8 0.004 0.006 0.003 0.009 0.20 2.73 >100 >100 >100

CAP45.G3 0.004 0.004 0.006 4.31 >100 >100 >100 >100 >100

ZM53 M.PB12.2 0.001 0.002 0.001 0.001 0.004 0.01 1.01 2.92 2.27

ZM109.4 0.05 0.04 0.05 13.44 >100 >100 >100 >100 >100

ZM197.7 0.007 0.01 0.006 0.02 0.47 5.61 >100 >100 >100

ZM249.1 0.58 0.69 1.65 >100 >100 >100 >100 >100 >100

ZM214.15 0.39 3.07 0.46 3.91 >100 >100 >100 >100 >100

Du156.12 0.005 0.008 0.006 0.63 >100 >100 >100 >100 >100

Du422.01 0.07 0.03 0.05 2.61 >100 >100 >100 >100 >100

Q259.d2.17 0.02 0.05 0.05 4.20 >100 >100 >100 >100 >100

Q461.e2 0.03 0.04 0.004 0.23 >100 >100 >100 >100 >100

Q842.d12 6.60 39.72 10.57 >100 >100 >100 >100 >100 >100

PVO.04 0.54 0.66 0.56 0.89 >100 >100 >100 >100 >100

AC10.29 >100 >100 >100 >100 >100 >100 >100 >100 >100

MLV >100 >100 >100 >100 >100 >100 >100 >100 >100

Geo mean IC50 0.03 0.05 0.03 0.27 0.04 0.33 2.31 2.92 2.27

% neutralization 88 88 88 75 25 25 13 7 7
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conferred neutralization of the same three additional viruses but with greater potency than 

R100dW (GM potency of 0.04 compared to 0.33 µg/mL, respectively). The combination of 

R100dW and H100jD increased potency and breadth to a total of 12/16 viruses, while V100nE, 

R100dW and H100jD together introduced the same bNAb-like broad neutralization and 

potency as the entire CDRH3 transplant (Figure 3.5 B). In the reverse experiment, mutating 

positions 100d, 100j and 100n in the CDRH3 of CAP256.27 to match the sequence of 

CAP256.20 knocked out neutralization against previously sensitive viruses (Figure 3.6). 

Therefore, of the 17 residues that differentiate the heavy chain of CAP256.27 and CAP256.20 

only three amino acids, all within the CDRH3, were responsible for limiting the breadth of 

CAP256.20.  

 

 

Figure 3.6. Off-track conferring mutations knock out CAP256.27 neutralization.  

Neutralization data using mutants (indicated schematically above the table) between CAP256.27 and CAP256.20, 

potency indicated as per the key. Arithmetic mean titers (IC50, µg/mL) from at least two experiments are reported.  

 

Comparison of the probabilities of the breadth-conferring and restricting mutations between 

CAP256.27 and the CAP256.UCA showed that the G100nE bNAb mutation was improbable 

(0.89%), since two base changes were required (Figure 3.7 A). In contrast, the W100dR, 

D100jH and G100nV mutations that took CAP256.20 off-track are highly probable (10%, 14% 

and 3%, respectively), as only single base changes were necessary, with the H100j mutation 
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Q461.e2 0.03 >100 >100 >100 0.06 >100

Q842.d12 6.60 >100 >100 >100 15.68 >100

PVO.04 0.54 >100 63.83 94.54 0.70 >100

AC10.29 >100 >100 >100 >100 >100 >100

MLV >100 >100 >100 >100 >100 >100

Mean IC50 0.03 2.92 0.04 0.08 0.09 18.80

% neutralization 88 7 31 31 88 7

CDRH3 charge -7 -3 -6 -5 -6 -3
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in an AID hot-spot (Figure 3.7 A). The probability of retaining all three mutations that confer 

breadth (W100d, D100j and G100n) in the absence of selection is 0.33%. Overall, the relatively 

higher probability of these mutations which restrict breadth highlights the potential ease with 

which members of this bNAb lineage may mature along undesirable pathways.  

 

 

Figure 3.7. The probability and structural effect of the CAP256.20 off-track mutations W100dR, D100jH and G100nV.  

(A) The germline (W100d, D100j and G100n) and mature nucleotide and amino acid sequences (CAP256.27 W100d, 

D100j and G100nE and CAP256.20 W100dR, D100jH and G100nV) at codons 100d, 100j and 100n are displayed. 

Blue and red text indicate AID cold- and hot-spots, respectively. Green text refers to mutations, and yellow to pink 

shading indicates low and high probability mutations, respectively. The mutability scores are below each nucleotide. 

(B) The sequence of CAP256.20 (light purple) and CAP256.27 (purple) were fitted to a structure of CAP256.25 and 

trimeric CAP256 34-week Env [206] in Swiss-PdbViewer (v4.1.0) and aligned and visualized in PyMOL (v2.0.2).  

The top panels shows the interaction between the CDRH3 YYD motif (purple/light purple) and the V2 epitope (grey). 

The bottom panel displays the CAP256.27 residues W100d and E100n (purple) and CAP256.20 R100d and V100n 

(light purple) in proximity to K169, + and - denotes positive and negative charge, respectively. 
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To explore the basis of these results, we fitted the amino acid sequences of the CAP256.20 

and CAP256.27 heavy chains to the crystal structure of the CAP256.25 heavy chain in Swiss-

PdbViewer (v4.1.0), and then aligned this to a CAP256-34 week trimer structure (Figure 3.7 B, 

[206]). The YYD motif of CAP256.27 was predicted to hydrogen bond with two K166 residues 

on two protomers and R166 and K169 on the remaining protomer (Figure 3.7 B, top left). The 

mutations in CAP256.20 likely disrupt these interactions by placing a positive charge (H100j) 

proximal to K169 and possibly preventing sulfation of the preceding Tyr [383], which would 

knock out contacts with K166 (Figure 3.7 B, top right).  

 

Furthermore, the hydrogen bond between E100n, present in CAP256.27, and the N160 glycan 

was disrupted by the CAP256.20 V100n substitution (Figure 3.7 B, bottom left). In addition, the 

CAP256.20 R100d mutation, places a positive charge next to K169 resulting in electrostatic 

repulsion (Figure 3.7 B, bottom right) and possibly preventing the backbone interactions 

between these residues. Therefore, key interactions between the highly electronegative 

CDRH3 of CAP256.27 (-7) and the electropositive V2 epitope are abrogated by the more 

electropositive CDRH3 of CAP256.20 (-3), resulting in the off-track phenotype. 

 

3.5.5 CAP256.20 was dependent on a globally rare Q169 immunotype 

We were interested in determining which viral immunotypes (or epitope amino acid variants) 

drove CAP256.20 away from breadth. The K169 immunotype, which forms part of the CAP256 

epitope, is fairly conserved within subtype C viruses (65.9%) (hiv.lanl.gov) (Figure 3.8 A) [205]. 

In contrast, the 169Q immunotype is present in only 6.5% of subtype C viruses (Figure 3.8 A) 

but dominated the viral population in donor CAP256 across 21 of 28 time points from six to 206 

weeks post infection (Figure 3.8 B and Figure 3.9 A). We hypothesized that this globally rare 

immunotype, which predominated in CAP256, contributed to the evolution of CAP256.20. 

Introduction of 169Q mutations into eleven heterologous viruses slightly improved the 

neutralization of four viruses by CAP256.20 (Figure 3.9 B), suggesting a preference of 

CAP256.20 for 169Q, though other viral determinants clearly contribute to neutralization 

sensitivity/resistance.  

 

As autologous viruses, rather than heterologous viruses, select mutations during SHM, we 

determined the sensitivity of autologous viruses containing either a 169Q or 169K immunotype 

to neutralization by CAP256.20 and CAP256.27. We identified two viruses that naturally 
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contained a 169Q (42-wk 5 and 48-wk 10), and were sensitive to CAP256.20 and 

CAP256.2720H3. Introduction of Q169K mutations into these viruses knocked out neutralization 

by these antibodies, and their matched CDRH3 chimeras (Figure 3.8 C). In the reverse 

experiment, introduction of a 169Q into three autologous viruses (34-wk 80, 59-wk 10b and 15-

wk SU, containing 169K/I and resistant to CAP256.20 and CAP256.2720H3) resulted in 

increased sensitivity to these antibodies (Figure 3.8 C). In all five viruses, the 169K 

immunotype was associated with increased neutralization potency by CAP256.27, 

CAP256.2027H3 and the additional broad CAP256.20 mutants and chimeras (Figure 3.9 C), 

consistent with previous studies [204,205]. These data indicate a CDRH3-mediated preference 

of CAP256.20 for the 169Q immunotype, which limited the evolution of breadth in this antibody. 

 

 

Figure 3.8. The off-track antibody CAP256.20 neutralizes a globally rare 169Q immunotype that was common in 

donor CAP256.  

(A) The K169 (orange) immunotype is common in globally circulating viruses, (B) while 169Q (green) predominates 

in CAP256 across most time points. (C) Slope graphs displaying the change in neutralization titer (IC50) of 

CAP256.20 (light purple), CAP256.27 (purple), CAP256.2027H3 (blue) and CAP256.2720H3 (cyan) against K169 and 

169Q autologous viruses. 
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Figure 3.9. 169Q immunotype predominates in CAP256 and CAP256.20 exhibits weak neutralization of 

heterologous 169Q viruses.  

(A) The frequency of the 169Q (green) and 169K (orange) Env immunotypes across 28 time points from six to 206 

weeks post infection. #The viruses tested in Figure 3.8 C were isolated at the indicated time points. (B) CAP256.20 

neutralization curves of wild-type (orange, 169K/M as indicated) and 169Q mutant (green) heterologous viruses. (C) 

An extension of Figure 3.8 C, the neutralization titers of the CAP256.27/20 wild-type and chimeric antibodies (from 

Figure 3.5 B) were tested against the 34-wk 80 virus. 
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 Discussion 

A major focus of HIV vaccine design is based on a deep understanding of the development of 

bNAbs during HIV infection. Studies of HIV/antibody co-evolution have provided a template for 

the maturation of breadth that is now the basis of B-cell lineage vaccine strategies 

[187,189,197,203,205,220,223,229]. However, much less is known about the maturation of 

antibodies within bNAb-containing lineages that fail to acquire breadth. We have previously 

shown that these include both “dead-end” antibodies (that fail to acquire breadth and exhibit 

low SHM), and “off-track” antibodies that acquire substantial SHM, but little breadth, and are 

the focus of this study [223]. Here we used previously identified strain-specific “off-track” 

antibodies that are closely related to broad members of the CAP256-VRC26 bNAb lineage to 

probe the genetic and viral contributors to their maturation [223]. In two pairs, we identified key 

breadth-restricting mutations, and defined the probabilities of their occurrence. Furthermore, 

we show the preferential neutralization of a globally rare immunotype by CAP256.20 impeded 

the evolution of breadth, providing a mechanism for the development of off-track responses in 

infection. Together these data provide insights into the challenges associated with driving 

maturation of antibodies towards breadth, a central question in HIV vaccine design.  

 

Studies of bNAb lineages have highlighted the substantial plasticity in their maturation, 

enabling the development of breadth through multiple pathways [189,204,205,382]. This 

suggests that immunization strategies promoting high levels of SHM along diverse pathways 

may enhance bNAb development. Our data suggests that similarly, the development of off-

track antibodies can occur by multiple pathways, and through the acquisition of very few 

mutations. Indeed, within the CAP256.20/27 pair, only three mutations were sufficient to divert 

CAP256.20 away from both breadth and potency. Furthermore, the enhanced breadth of 

CAP256.04 R100rA, which contains a single CDRH3 mutation, in contrast to the six mutations 

in CAP256.0425H3, suggests substantial mutational “noise”. Additionally, we found a reduction 

of breadth when the CAP256.25 CDRH2 or single CDRH1 mutations were introduced into 

CAP256.04. These data confirm that extensive SHM does not necessarily result in breadth and 

suggests that many mutations do not impact or negatively affect breadth.  

 

The maturation of bNAbs towards breadth includes a requirement for functionally relevant but 

improbable mutations [380]. Consistent with previous studies, we find that the key breadth-

conferring mutations in the CAP256-VRC26 lineage, such as Q100rA and G100nE, are highly 

improbable [380] and that mutations that restricted breadth were in many cases relatively 

probable. Interestingly, the two pairs of CAP256 antibodies provide distinct examples of how 

the probability of mutations could shape on- versus off-track maturation. In CAP256.20/27, the 
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potential for high probability breadth-limiting mutations (e.g. W100dR, D100jH and G100nV) is 

evident in pulling the B-cell off-track. In contrast, in the CAP256.04/25 pair, an important 

improbable mutation associated with breadth, Q100rA, represents a potential bottleneck that 

CAP256.25 has overcome to achieve breadth, but CAP256.04 has not. The more probable 

R100r mutation is also present in broader lineage members, suggesting compensatory 

mechanisms and that multiple pathways to breadth exist. Together these data indicate that, in 

some instances, the pathway to the off-track phenotype offers less “resistance” compared to 

the requirement for highly improbable mutations associated with breadth, and will require 

careful selection of immunogens to avoid this phenotype [380].   

 

Several studies, including our previous work in the CAP256-VRC26 lineage, have shown how 

exposure to diverse viral variants contributes to the development of breadth [204,205,223]. 

This study extends this work to define the mechanisms that select the off-track phenotype 

within a single lineage. The enrichment of the globally rare 169Q immunotype in CAP256 and 

the preferential neutralization of this immunotype by CAP256.20, implicates 169Q autologous 

viral variants in the evolution of this off-track antibody. Early CAP256-VRC26 lineage members 

(CAP256.01 and CAP256.24) and other off-track antibodies (CAP256.12 and CAP256.13) are 

unable to neutralize 169Q viruses. However, most lineage members, especially those with 

breadth, are able to neutralize this immunotype, though to a lesser extent than K169 viruses. 

This indicates that whereas most lineage members tolerate 169Q, CAP256.20 is uniquely 

reliant on the globally rare Q169 immunotype, explaining the strain-specificity of this antibody. 

Structurally, this may be a consequence of the reduced dependence of bNAbs on specific side 

chain residues within the epitope, compared to an increased dependence of off-track 

antibodies such as CAP256.20 on such side chains. These data highlight the fact that evolution 

towards breadth, a desirable outcome from a vaccinology perspective, is distinct from antibody 

maturation to counter circulating autologous viral variants.  

 

This study provides evidence that affinity maturation to counter globally rare viral immunotypes 

can drive antibodies within a broad lineage away from breadth. As with the maturation of 

breadth, off-track antibodies can develop through multiple evolutionary pathways. Furthermore, 

limited breadth despite high levels of SHM can occur by the introduction of few, but relatively 

probable, mutations. The inherently stochastic nature of affinity maturation may make avoiding 

off-track antibodies challenging. Furthermore, additional research is needed to determine if the 

expansion of off-track B-cell lineages prevents or limits the maturation of bNAbs. However, 

defining pathways towards and away from breadth will facilitate the selection of immunogens 

that elicit bNAbs and minimize off-track antibodies. Our data suggests that by selecting 

sequential immunogens that present globally conserved epitopes, the elicitation of off-track 
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antibodies can be minimized. As immunization strategies improve to allow targeting of specific 

antibody residues, these data inform the design of immunogens to elicit V2-directed bNAbs. 
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 Introduction 

First practiced millennia ago, inoculations have profoundly reduced the morbidity and mortality 

of more than 20 infectious diseases [264,267]. Yet, no effective vaccines exist for many major 

pathogens, including HIV, which infects approximately 37 million people and has resulted in 

nearly 40 million deaths [8]. Most vaccines confer protection via the induction of neutralizing 

antibodies [265,266]. But due to the substantial diversity of the exposed HIV Env glycoprotein, 

which is targeted by antibodies, the elicitation of broad neutralizing responses remains an 

ongoing challenge. However, about 20% of HIV infected individuals develop broadly 

neutralizing antibodies (bNAbs) that potently neutralize >50% of circulating strains 

[152,153,159,374]. Importantly, passive immunization of non-human primates with bNAbs 

protects against repeated high titer SHIV challenges [341–345]. Therefore, the induction of 

bNAbs via immunization is a central focus in the development of an HIV vaccine [164,212–

215,218]. 

 

Despite the mutability of Env, which consists of a trimer of gp120-gp41 heterodimers, 

conserved sites exist due to functional constraints [160,167,168]. These regions include the 

membrane proximal external region (MPER), the gp120-gp41 interface, fusion peptide, CD4 

binding site (CD4bs), N332 glycan supersite, gp120 silent face and variable loops 1 and 2 

(V1V2) [160,167,168]. However, these vulnerable sites are typically buried in the viral 

membrane, hidden within the trimer core and/or occluded by glycans [160,167,168]. 

Consequently, many bNAbs have unusual characteristics that evolve over 2-3 years and/or are 

encoded by rare naïve B-cells. These features include very long or short complementarity-

determining regions (CDR) of the heavy and/or light chain. In particular, the third CDR of the 

heavy chain (CDRH3) of N332 and V1V2 targeting bNAbs are unusually long (>20 amino acids), 

which grants them access to buried epitopes [167]. In contrast, the third CDR of the light chains 

(CDRL3) of some CD4bs bNAbs are unusually short to avoid clashes with glycans [167]. 

Moreover, many bNAbs, particularly those targeting the MPER, are markedly autoreactive 

likely because these antibodies make contacts with the host-derived viral membrane [170]. 

Furthermore, germline-reverted bNAbs, which are an approximation of their precursor, are 

generally non-neutralizing and most bNAbs accumulate extensive somatic hypermutations 

(SHM, >40% [193]) in the CDRs and framework (FR) to accommodate viral mutations and to 

focus contacts on conserved sites [193,197,225,227,228,230,232,234,249]. In addition, many 

of the mutations critical for breadth are predicted to occur with a low probability as they are 

situated in sites where activation-induced cytidine deaminase (AID), the enzyme that mediates 

SHM, has reduced activity and/or the mutation requires two or more base changes 

[128,380,384]. Together, the restricted CDR lengths, autoreactivity and high degree of SHM 

contribute to the rare presence of bNAbs in infected individuals. 
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However, exceptions exist, particularly within HIV infected children, who develop breadth 

within the first year of infection following modest somatic hypermutation [221,253,260,261]. For 

example, the N332 supersite-targeting bNAbs BF520.1 [221,222] and AIIMS-P01 [253], both 

isolated from pediatric donors, achieve 58% and 67% breadth, respectively, but the variable 

heavy and light chains are <10% mutated. In addition, among adult-derived bNAbs, the 

broadest members of the PCIN63 lineage of VRC01-class CD4bs bNAbs developed within two 

years and are substantially less mutated (~13%) than other members of this class, such as 

VRC01 (>40% SHM) [196]. Furthermore, approximately half of the somatic mutations in 

VRC01 do not appreciably contribute to neutralization [256]. This indicates that breadth can be 

achieved through moderate levels of SHM, within the range induced by vaccination 

[219,254,255]. 

 

With longitudinal sampling of antibody and viral sequences throughout infection, the unmutated 

common ancestor (UCA) of a bNAb lineage [187,189,196,197,203,205,220,222], and in some 

instances a “bNAb-initiating Env” [189,197,203,220,222,223] can be identified. These and 

other ontogenetic studies [171,194,244–247] provide a template for the design of stabilized 

native-like germline-targeting immunogens engineered to selectively trigger bNAb precursors. 

For example, the VRC01-class precursor targeting immunogens, eOD-GT8 [332,333] and 

BG505 SOSIP-GT1 [334] activated VRC01 progenitors in transgenic mice [332,334], which 

developed autologous neutralization following boosts [335]. Similarly, the V3 precursor-specific 

immunogen 11MUTB activated germline-PG121 in knock in mice, which evolved breadth after 

boosting [233,336]. Furthermore, rhesus macaques vaccinated with the N332-precursor 

targeting RC1 immunogen developed anti-V3 antibodies with long CDRH3s and PGT121/10-

1074-like CDRL1s [337]. Similarly, targeted glycan deletions exposing the epitope of V1V2 

bNAb germline precursors, lead to the development of autologous neutralization in rabbits 

[325]. Together, the identification of moderately mutated bNAbs from infection and germline-

targeting immunogens has re-energized the search for an HIV vaccine. However, to selectively 

drive efficient SHM, the precise mutations that are necessary for the development of breadth 

need to be defined, and in many cases are unknown.  

 

To address this, we focused on the V2-targetting CAP256-VRC26 bNAb lineage because the 

broadest (63%) and most potent (0.003 μg/mL) member, CAP256.25, is moderately 

somatically mutated [204,205]. The 33 member CAP256-VRC26 lineage was recovered from 

a subtype C superinfected African woman whose plasma neutralized 75% of heterologous 

viruses [157,204,205,360]. The CAP256.UCA was first detected 34 weeks post infection (pi) 
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by the primary infecting virus (6-wk PI) and weakly neutralized contemporaneous viruses 

related to the superinfecting (15-wk SU) virus [223]. Specifically, the 34-wk 80 virus, which 

evolved from the 15-wk SU, was particularly sensitive to the CAP256.UCA and is thought to be 

a good approximation of the bNAb-initiating virus [223]. The paratope of CAP256.25 includes 

the CDRH1 and CDRL2 but is dominated by the germline encoded, extremely long (38 amino 

acids, aa), flexible and anionic CDRH3. This loop is capped by the tyrosine sulfated YYD motif 

which is found in other V2-specific bNAbs [204–206,208,209]. An intra-loop disulfide bond 

stabilizes the CDRH3 but this bond is absent in the CAP256.UCA and early non-broad lineage 

members [205,207]. A rigid CDRH3 is crucial as this structure penetrates the trimer apex to 

contact residues F159N160L165R166D167K169K171 on strands B and C of the V2 [153,205,223,360]. 

By 59 weeks pi, escape mutations at these sites, particularly at R166 and K169 emerged, with 

only the broader lineage members tolerating variability at these positions [153,223,360]. 

Although the broader CAP256 bNAbs are generally not dependent on glycans, the structure of 

CAP256.25 indicates that the CDRH1 and CDRL2 of the CAP256.UCA makes contact with 

glycans at N156, and N130 and N160, respectively [206]. 

 

To determine which mutations are critical for neutralization, we investigated the sequence 

differences between bNAb CAP256.25 and the CAP256.UCA and assessed the impact of 

these changes on neutralization. We found that the CDRHs, in particular the CDRH3, had 

accumulated many somatic mutations that were predicted to occur with a low probability. 

Furthermore, these CDRH3 mutations were primarily responsible for heterologous breadth, the 

neutralization of emerging autologous viral variants and the tolerance of viral diversity. In 

contrast, mutations in the light chain modulated both autologous and heterologous 

neutralization potency, but only improved heterologous breadth. This suggests that a minimally 

mutated CAP256.25-like bNAb requires mutations in the CDRHs and light chain for breadth 

and potency, respectively. Together these data indicate that the mutations in the heavy and 

light chains have complementary and differential impacts on neutralization. These data inform 

the design of vaccine strategies that bypass the protracted evolution of bNAbs by directing 

affinity maturation to sites pivotal for breadth and potency [215,218].  
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 Materials and methods 

4.2.1 Ethics statement 

The University of the Witwatersrand human research ethics committee approved (M160934) 

the study reported herein (see 7.2, page 111, Appendix B: Ethics certificate). See 2.1 (page 

31) for additional information. 

 

4.2.2 Cell lines 

Refer to 2.8 (page 35) for information on cell line maintenance. Briefly, the TZM-bl, 293T and 

293F cell lines were utilized for the antibody neutralization assays, pseudovirus growth and 

monoclonal antibody production, respectively. 

4.2.3 Probability of antibody mutations 

The Antigen Receptor Mutation Analyzer for Detection of Low Likelihood Occurrences 

(ARMADiLLO) program was utilized to estimate the probability of amino acid substitutions prior 

to antigenic selection [380]. For more information, see 3.4.8 (page 46). 

 

4.2.4 Site-directed mutagenesis and overlapping PCR 

The protocols for mutagenesis and the overlapping PCR are at 2.3 (page 32) and 2.4 (page 

33), respectively. The primers are listed in Appendix table 4. 

 

4.2.5 Antibody expression 

Antibodies were expressed and purified as per the methods in 2.9 (page 35). Briefly, the 

CMVRHC and CMVRLC plasmids were co-transfected with PEI MAX (Polysciences) into the 

293F cell line. Following seven days, the monoclonal antibodies were isolated from the 

supernatant with Protein A resin (Pierce) columns. 
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4.2.6 Pseudovirus production 

The protocol in 2.10 (page 36) was followed for pseudovirus production. In brief, PEI MAX 

(Polysciences) was used to co-transfect  293T cells with env and pSG3∆env plasmids, and the 

supernatants were titered with the TZM-bl cell line. 

 

4.2.7 Neutralization assay 

Antibody-mediated neutralization, measured with the TZM-bl neutralization assay (detailed in 

2.11, page 37) was assessed by the reduction of Tat-inducible luciferase fluorescence  

 

4.2.8 Data analysis 

Refer to 2.13 (page 38).  
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 Results 

4.3.1 Highly improbable mutations (<0.01%) in CAP256.25 are restricted to 

the heavy chain FR3 and CDRH3 

Since somatic hypermutation is associated with the acquisition of neutralization breadth and 

potency [187,189,196,197,203,205,220–222,380], we sought to determine which mutations 

were critical to the development of neutralization in the CAP256-VRC26 lineage. Therefore, 

we compared the most broad and potent member, CAP256.25, to the CAP256.UCA which 

exhibits weak, strain-specific neutralization [223]. The VDJ genes of the CAP256.25 heavy 

chain are 23% (33 aa) mutated from the germline sequence and the VJ genes of the light chain 

are 16% (18 aa) divergent (Figure 4.1 A). Since many breadth-conferring mutations in bNAb 

lineages are improbable events [380,384–386], we calculated the probabilities of the changes 

between the CAP256.UCA and CAP256.25 with the ARMADiLLO program [380] to identify 

putative key mutations. Most of the mutations in the heavy (16/33, Figure 4.1 B) and light (10/18, 

Figure 4.1 C) chains were found to occur with a relatively high probability of >1-10% (1-2% = 

yellow, 2-10% = green and >10% = dark green) and were distributed throughout the FR and 

CDRs. However, both the heavy (n=9, Figure 4.1 B) and light (n=4, Figure 4.1 C) chains also 

harbored improbable mutations (0.1-1% = orange), especially in the CDRs. Furthermore, three 

rare mutations (0.01-0.01% = red) were found in the heavy chain FR3 (n=1), CDRH3 (n=2) and 

CDRL3 (n=1, Fig. 1C) (Figure 4.1 B and C), with four exceedingly rare mutations (<0.01% = 

maroon) found only in the heavy chain FR3 (n=1) and CDRH3 (n=3) (Figure 4.1 B). In total, we 

identified eight highly improbable mutations (≤0.1%), three of which were in the CDRH3, which 

forms most of the paratope of the CAP256-VRC26 antibodies. 

 

 

 

 

 

 



 71 

 

Figure 4.1. The amino acid sequence of the CAP256.UCA and CAP256.25 antibodies.  

(A) The length (amino acids) of the framework (FR) and complementarity-determining regions (CDRs) of the heavy 

(CDRH) and light (CDRL) chains of CAP256.UCA and CAP256.25. The number of amino acids that differentiate 

these antibodies are reported. The amino acid sequences of the CAP256.UCA and CAP256.25 heavy (B) and light 

(C) chains are tabulated with the FR and CDRs (grey) indicated. Changes between the sequences are shaded 

according to the probability of the mutations (indicated in the key). 

 

4.3.2 Two mutations improve autologous neutralization by the CAP256.UCA 

As the CAP256.25 heavy chain harbored most of the improbable mutations (<1%), we first 

investigated the contribution of these sites to neutralization. Since beneficial antibody 

Heavy chain
. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . .

256.UCA QVQLVESGGGVVQPGRSLRLSCAASGFTFSSYGMHWVRQAPGKGLEWVA

256.25 ---------------T---------Q-R-DG------------------

52a 82a b c| . . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . . . . | . . . . | . . . .

256.UCA VISYDGSNKYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAK

256.25 S--H--IK--H-EK-W----------------------P----L-----

a b c d e f g h i j k l m n o p q r s t u v x y z a1 b1 c1| . . . . | . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . | . . . . | . . .

256.UCA DLGESENEEWATDYYDFSIGYPGQDPRG~VVGAFDIWGQGTMVTVSS

256.25 --R-D-C---WS-----GKQL-CAKS--GL--IA-N-----------

Light chain
9 a b. . . . | . . . . | . . . | . . . . | . . . . | . . . . . . | . . . . | . . . . | . . . . | . . .

256.UCA QSVLTQPPSVSAAPGQKVTISCSGSSSNIGNNYVSWYQQLPGTAPKLLI

256.25 ------------------------NT------F------R--R--Q---

a b. | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . .

256.UCA YENNKRPSGIPDRFSGSKSGTSATLGITGLQTGDEADYYCGTWDSSLSA

256.25 --TD-----------A------G--A--------------A--AA---S

c a. | . . . | . . . . | . .

256.UCA GGVFGTGTKVTVL

256.25 AR--------I--

96 100 105

CDRL3 FR4

CDRL2 FR3 CDRL3

50 55 60 65 70 75

FR2

80 85 90 95

CDRH3 FR4

5 11 15 20 25 27 28 30 35 40 45

FR1 CDRL1

40 45

70 75 80 83 85

FR1 CDRH1 FR2

25

90

30 355 10 15 20

50 55 60 65

CDRH2 FR3

95 100 101 105 110

A

B

C

<0.01 0.01-0.1 0.1-1 1-2 2-10 >10

Mutation probability (%)

Antibody FR1
CDR

H1
FR2

CDR

H2
FR3

CDR

H3
FR4

% SHM 

(VDJ)
FR1

CDR

L1
FR2

CDR

L2
FR3

CDR

L3
FR4

% SHM 

(VJ)

256.UCA 25 8 17 8 38 37 11 0 25 8 17 3 36 12 10 0

256.25 25 8 17 8 38 38 11 23 25 8 17 3 36 12 10 16

Mutations 1 4 1 3 6 18 0 1 2 3 2 3 6 1

Heavy chain Light chain

<0.01 0.01-0.1 0.1-1 1-2 2-10 >10

Mutation probability (%)

exceedingly 

improbable

highly 

probable



 72 

mutations are selected by emerging, contemporaneous viral variants we initially tested 

autologous viruses. The CAP256.UCA, and other early antibodies with limited SHM and 

breadth, do not have cysteines at positions 100a and 100q, precluding the formation of a 

disulfide bond that is known to stabilize the CDRH3 [204,205,223]. Together, these mutations 

(N100aC and G100qC), which were predicted to occur with a probability of <1% (Figure 4.1) 

were introduced into the CAP256.UCA. We tested this antibody, UCA CC, for neutralization 

against 20 autologous viruses isolated from 6 to 69 weeks pi with V2 sequences (HXB2160-173) 

related to either the 6-wk PI or 34-wk SU viruses (Figure 4.2). While the CAP256.UCA only 

weakly neutralized (<50% inhibition) the 15-wk SU at a high concentration (>50 µg/mL), as 

previously reported [223], the UCA CC potently neutralized this virus (0.050 µg/mL, Figure 4.2). 

Furthermore, although the CAP256.UCA neutralized three SU-like viruses from 34 weeks pi 

(34-wk 80, 34-wk 81 and 34-wk 77) with a geometric mean (GM) potency of 3.92 μg/mL, the 

disulfide mutant, UCA CC, neutralized these viruses with 206-fold greater potency (GM 0.019 

μg/mL). Thus, the introduction of the disulfide bond into the CAP256.UCA, requiring only two 

amino acid changes, substantially improved potency and autologous neutralization of early 

SU-like viruses. 

 

 

Figure 4.2. Autologous neutralization by the CAP256.UCA heavy chain chimeras.  

The sequences of the heavy (first row) and light (second row) chains for each antibody are visualized in a schematic. 

(First row) The variable heavy chain of CAP256.UCA (green) and CAP256.25 (purple) are shown in six segments, 

representing the three FR and three CDRs. (Second row) The light chains are colored according to the antibody, 

and the heavy chains are grey. The autologous viruses are tabulated in the first column and the neutralization titers 

Heavy chain UCA UCA CC UCA
25FR

UCA
25H2

UCA
25H3

UCA
25H23

UCA
25H123 25

UCA UCA UCA UCA UCA UCA UCA 25

6-wk PI >50 >50 >50 >50 >50 >50 >50 0.22 PI x K

15-wk SU >50 0.050 0.74 7.41 0.023 0.0097 0.006 0.00005 SU ✓ K

34-wk 80 0.79 0.0073 0.018 0.013 0.0055 0.0032 0.0026 0.00001 SU ✓ K

34-wk 81 7.82 0.053 0.29 0.096 0.015 0.008 0.004 0.00004 SU ✓ K

34-wk 77 9.74 0.018 0.050 0.17 0.004 0.002 0.0022 0.00001 SU ✓ K

34-wk 31 >50 >50 >50 >50 0.47 0.32 0.17 0.0011 SU ✓ I

34-wk 55 >50 >50 >50 >50 1.24 0.21 0.25 0.0022 SU ✓ I

34-wk 68 >50 >50 >50 >50 >50 >50 >50 >25 SU ✓ E

38-wk 16 >50 >50 >50 >50 >50 >50 >50 0.0069 PI x Q

38-wk 19 >50 >50 >50 >50 >50 >50 >50 >25 PI x Q

42-wk 1 >50 >50 >50 >50 1.02 0.45 0.35 0.00042 SU ✓ I

42-wk 5 >50 >50 >50 >50 1.39 0.63 0.61 0.00017 SU ✓ Q

42-wk 16 >50 >50 >50 >50 0.0049 0.0017 0.0023 <0.00001 PI x Q

42-wk 24 >50 >50 >50 >50 3.16 1.81 1.67 0.0025 SU ✓ R

42-wk 18 >50 >50 >50 >50 >50 >50 >50 0.015 SU ✓ T

59-wk 4 >50 >50 >50 >50 >50 4.76 2.81 0.091 PI ✓ Q

59-wk 2 >50 >50 >50 >50 >50 >50 >50 >25 SU ✓ E

69-wk 172 >50 >50 >50 >50 >50 >50 18.92 0.080 PI ✓ Q

69-wk 173 >50 >50 >50 >50 >50 >50 28.52 0.043 PI ✓ I

69-wk 177 >50 >50 >50 >50 >50 >50 >50 >25 PI x Q

Geo mean IC50 3.92 0.024 0.12 0.20 0.10 0.067 0.14 0.0015
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(IC50, µg/mL) for each antibody populate the table and are colored by potency (indicated in the key). The last three 

columns on the right indicate the similarity of the V2160-173 sequence to the SU or PI, whether N160 is glycosylated 

(✓) or not (x) and the 169 immunotype. 

 

4.3.3 The CAP256.25 CDRH3 introduces autologous neutralization breadth 

As the CDRH3 has a central role in Env recognition and harbored most of the improbable 

mutations, we transferred the entire CAP256.25 CDRH3 into the CAP256.UCA (UCA25H3) and 

tested the neutralization of longitudinal autologous viruses. Compared to the CAP256.UCA, 

the UCA25H3 chimera exhibited >500-fold (GM 0.007 μg/mL) greater potency against the three 

34-week viruses sensitive to the CAP256.UCA, and neutralized seven additional viruses, 

isolated at 15, 34 and 42 weeks pi (Figure 4.2). In contrast to the CAP256.UCA and UCA CC, 

which only neutralized viruses with a K169 immunotype, the UCA25H3 chimera neutralized SU-

like viruses containing the 169I/Q/R immunotypes (Figure 4.2). Therefore, the UCA25H3 chimera 

was only half as mutated as CAP256.25 but exhibited substantial autologous neutralization 

(50% and 80%, respectively). 

 

Since the CAP256.25 CDRH2 is situated >20Å from the viral V2 [206], we did not expect that 

the introduction of the CAP256.25 CDRH2 into the CAP256.UCA heavy chain (UCA25H2) would 

substantially impact neutralization. Accordingly, this chimera neutralized only one additional 

virus (15-wk SU) compared to the CAP256.UCA and was 66-fold more potent against the SU-

like 34-week viruses (Figure 4.2). Furthermore, while the combination of the CAP256.25 

CDRH2 and CDRH3 (UCA25H23) in the CAP256.UCA resulted in the neutralization of an 

additional virus (59-wk 4, Figure 4.2), the GM potency of this antibody was not substantially 

different (<2-fold) compared to the UCA25H3 chimera. Similarly, the potency remained 

unchanged when we introduced all three of the CAP256.25 CDRHs into the CAP256.UCA 

(UCA25H123), although this antibody weakly neutralized two more viruses (69-wk 172 and 69-

wk 173) compared to UCA25H23 (Figure 4.2). Together, UCA25H123 neutralized ten additional 

autologous viruses compared to CAP256.UCA, with 1,400-fold greater potency against the 

three viruses sensitive to CAP256.UCA. The viruses sensitive to UCA25H123 included three with 

a PI-like V2 sequence and several with 169I/Q/R immunotypes, but not 169E-containing 

viruses which were also resistant to CAP256.25 (Figure 4.2). These data indicate that 

mutations in the CDRHs, and the CDRH3 in particular, are the major determinants of 

neutralization of emerging autologous viral variants. 
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Despite the contribution of the CAP256.25 CDRHs to autologous neutralization, CAP256.25 

was an order of magnitude more potent and neutralized three additional viruses (total of 17/20, 

Figure 4.2) compared to the closest chimera, UCA25H123. This suggested that the heavy chain 

FR and/or the light chain, impact neutralization. We first tested a chimera consisting of the 

CAP256.25 FR in the CAP256.UCA (UCA25FR). This antibody potently neutralized the 15-wk 

SU virus (0.74 μg/mL) and was 27-195-fold more potent against the three SU-like 34-wk 

viruses that were sensitive to the CAP256.UCA (Figure 4.2). However, the UCA25FR chimera 

was substantially less potent compared to most of the CDRH mutants, confirming the 

importance of the CDRHs in mediating neutralization. 

 

4.3.4 The CAP256.25 light chain enhances autologous neutralization potency 

To test the role of the light chain in modulating neutralization we switched the light chains 

between the two antibodies and assessed their autologous neutralization. The CAP256.UCA 

heavy chain and CAP256.25 light chain chimera (UCA HC + 25 LC) neutralized the 34-week 

(34-wk 80, 34-wk 81 and 34-wk 77) viruses that were sensitive to the CAP256.UCA, but with 

33-fold greater potency, and one additional virus (15-wk SU, Figure 4.3) was weakly 

neutralized. In the reverse experiment, the 25 HC + UCA LC chimera exhibited broad 

autologous neutralization (13/20 viruses) but was significantly (p=0.0002 Wilcoxon matched-

pairs) less potent compared to CAP256.25 (Figure 4.3), confirming a role for the light chain in 

neutralization. 
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Figure 4.3. Autologous neutralization by the CAP256.UCA heavy and light chain chimeras.  

The sequences of the heavy (first row) and light (second row) chains for each antibody are visualized in a schematic. 

(First row) The variable heavy chain of CAP256.UCA (green) and CAP256.25 (purple) are shown in six segments, 

representing the three FR and three CDRs. (Second row) The light chains are colored according to the antibody, 

and the heavy chains are grey. The autologous viruses are tabulated in the first column and the neutralization titers 

(IC50, µg/mL) for each antibody populate the table and are colored by potency (indicated in the key). The last three 

columns on the right indicate the similarity of the V2160-173 sequence to the SU or PI, whether N160 is glycosylated 

(✓) or not (x) and the 169 immunotype. 

 

Since the structure of CAP256.25 and the 34-wk 80 trimer [206] indicated that the CDRL2 was 

in close proximity to the N156 glycan, we introduced the CAP256.25 CDRL2 into the 

CAP256.UCA light chain (UCA25L2). This chimera (UCA HC + UCA25L2) neutralized two 34-

week viruses (34-wk 80 and 34-wk 81) with a potency similar to the UCA HC + 25 LC chimera 

(Figure 4.3), demonstrating that the CAP256.25 CDRL2 formed part of the paratope of the 

antibody. However, when UCA25L2 was paired with the CAP256.25 heavy chain (25 HC + 

UCA25L2), we found that this chimera had the same breadth and potency as 25 HC + UCA LC 

(Figure 4.3), suggesting that the dominant role of the CAP256.25 heavy chain masked any 

contribution from the CDRL2. 

 

Heavy chain UCA UCA UCA 25 25 25

UCA UCA
25L2 25 UCA UCA

25L2 25

6-wk PI >50 >50 >50 >50 >50 0.22 PI x K

15-wk SU >50 >50 0.86 0.0061 0.0066 0.00005 SU ✓ K

34-wk 80 0.79 0.020 0.033 0.0017 0.0024 0.00001 SU ✓ K

34-wk 81 7.82 0.33 0.22 0.0054 0.0046 0.00004 SU ✓ K

34-wk 77 9.74 1.12 0.22 0.0014 0.0015 0.00001 SU ✓ K

34-wk 31 >50 >50 >50 0.14 0.13 0.0011 SU ✓ I

34-wk 55 >50 >50 >50 0.11 0.17 0.0022 SU ✓ I

34-wk 68 >50 >50 >50 >50 >50 >25 SU ✓ E

38-wk 16 >50 >50 >50 >50 >50 0.0069 PI x Q

38-wk 19 >50 >50 >50 >50 >50 >25 PI x Q

42-wk 1 >50 >50 >50 0.20 0.15 0.00042 SU ✓ I

42-wk 5 >50 >50 >50 0.29 0.18 0.00017 SU ✓ Q

42-wk 16 >50 >50 >50 0.0015 0.0010 <0.00001 PI x Q

42-wk 24 >50 >50 >50 1.28 0.57 0.0025 SU ✓ R

42-wk 18 >50 >50 >50 >50 >50 0.015 SU ✓ T

59-wk 4 >50 >50 >50 1.34 1.07 0.091 PI ✓ Q

59-wk 2 >50 >50 >50 >50 >50 >25 SU ✓ E

69-wk 172 >50 >50 >50 13.68 8.76 0.080 PI ✓ Q

69-wk 173 >50 >50 >50 11.43 5.15 0.043 PI ✓ I

69-wk 177 >50 >50 >50 >50 >50 >25 PI x Q

Geo mean IC50 3.92 0.20 0.19 0.090 0.073 0.0015
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To confirm the role of the light chain in modulating potency, we tested an expanded panel of 

chimeras between the mutated heavy chains (UCA CC, UCA25H2, UCA25H3, UCA25H23 and 

UCA25H123) and either the CAP256.UCA or the CAP256.25 light chain (Figure 4.4). Compared 

to the CAP256.UCA light chain chimeras, the CAP256.25 light chain significantly improved the 

autologous neutralization potency of UCA25H3, UCA25H23 and UCA25H123 (Figure 4.4). The 

potency of UCA CC and UCA25H2 similarly increased, but this did not reach statistical 

significance, likely due to the limited number of sensitive viruses (n=4, Figure 4.4). Together, 

these experiments indicate that the CAP256.25 light chain improves autologous neutralization 

potency of early SU-like viruses and that the CDRL2 was the major driver of the effect. This 

data supports the structural observation that the paratope of CAP256.25 includes the CDRL2 

[206]. 

 

 

Figure 4.4. Autologous neutralization by the CAP256.UCA heavy chain chimeras paired with the CAP256.UCA and 

CAP256.25 light chains.  

The schematics in the first and second rows detail the sequences of the heavy and light chains, respectively, for 

each antibody. (First row) The three FR and three CDRs of the CAP256.UCA (green) and CAP256.25 (purple) heavy 

chains are shown in six segments. (Second row) The light chains are colored according to the antibody, and the 

heavy chains are grey. The neutralization titers (IC50, µg/mL) for each antibody are plotted on a logarithmic scale. 

The significance of the differences between each pair was determined with the Wilcoxon matched-pairs signed rank 

test (ns = not significant, *p=<0.05, **p=<0.01 and ***p=<0.001). 

 

4.3.5 The CAP256.25 CDRH3 contributes to the tolerance of epitope variation 

We next assessed the ability of heavy and light chain chimeric antibodies to neutralize an 

autologous virus mutated to contain the R166K, K169T and K169Q escape mutations 

[204,205,223]. These changes, which were associated with the development of breadth in vivo, 

were introduced into the bNAb-initiating Env (34-wk 80). While these viruses were resistant to 
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the UCA25FR, UCA CC and UCA25H2 chimeras, regardless of which light chain was used, 

UCA25H3 was able to neutralize these viruses with varying potencies (Figure 4.5). This is 

consistent with the ability of the UCA25H3 chimera to neutralize SU-like viruses containing the 

169I/Q/R immunotype (Figure 4.2). Notably, pairing UCA25H3 with the CAP256.25 light chain 

did not appreciably impact GM neutralization potency (<2-fold change, Figure 4.5). The 

addition of the CAP256.25 CDRH1 and/or CDRH2 to UCA25H3 (UCA25H123 and UCA25H23) with 

the CAP256.UCA light chain improved potency by 5-fold compared to UCA25H3. Pairing of these 

antibodies (UCA25H123 and UCA25H23) with the CAP256.25 light chain increased their potency 

by only 2-3-fold (Figure 4.5). This suggests that mutations in the heavy chain, primarily in the 

CDRH3, rather than the FR and light chain, confers tolerance to epitope variation in emerging 

viral variants. 
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4.3.6 The heavy chain determines the completeness of quasi-species 

neutralization 

A neutralization plateau of <100% suggests that there are mixed populations of viruses that 

are variably sensitive to neutralization, due to sequence or glycan heterogeneity [361,362,387]. 

We found that the neutralization curves of the viruses sensitive to the CAP256.UCA and the 

chimeras with the fewest somatic mutations (UCA CC, UCA25H2 and UCA25L2), paired with either 

the CAP256.UCA or CAP256.25 light chain did not reach 100% neutralization (Figure 4.6). 

These viruses included 15-wk SU (Figure 4.6 A), 34-wk 77 (Figure 4.6 B), 34-wk 81 (Figure 4.6 

C) and 34-wk 80 (Figure 4.6 D).  

 

The UCA CC heavy chain matched with either the CAP256.UCA (dotted blue line) or 

CAP256.25 light chain (solid blue line), incompletely neutralized the 15-wk SU virus (80%, 

Figure 4.6 A). The neutralization curves of the UCA25H2 chimera, matched with the 

CAP256.UCA (dotted red curve) or CAP256.25 light chain (solid red curve), neutralized only 

60-70% of the 15-wk SU (Fig. 6A) and 34-wk 77 (Figure 4.6 B) viruses at the highest 

concentration of antibody tested. Similarly, the CAP256.UCA heavy chain paired with the 

CAP256.25 light chain (solid green line) displayed incomplete neutralization against 15-wk SU 

(50%, Figure 4.6 A), 34-wk 77 (70%, Figure 4.6 B) and 34-wk 81 (75%, Figure 4.6 C), while 

neutralization of 34-wk 80 was close to 100% (Figure 4.6 D). The UCA25L2 chimeric paired with 

the CAP256.UCA heavy chain (solid orange line), exhibited the most limited neutralization 

against 15-wk SU (50%, Figure 4.6 A), 34-wk 77 (50%, Figure 4.6 B) and 34-wk 81 (70%, 

Figure 4.6 C). These data suggest that the more germline-like the sequence of the heavy chain, 

the lower the capacity to neutralize all viruses at high antibody concentrations. However, the 

minor changes introduced into UCA CC were sufficient to allow for the neutralization of 100% 

of 3/4 viruses suggesting that the rigidity of the CDRH3, conferred by these mutations, is 

important for the tolerance of emerging viral variants and glycans. 
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Figure 4.6. Incomplete neutralization of heterogeneous viral species.  

The neutralization curves of the (A) 15-wk SU, (B) 34-wk 77, (C) 34-wk 81 and (D) 34-wk 80 autologous viruses by 

CAP256.UCA, CAP256.25 and the heavy and light chain chimeras. Antibody-mediated inhibition (%) of pseudovirus 

infection, colored by antibody (as per the key) is plotted against the antibody concentration (µg/mL). The dotted 

lines on the y axis indicate the 50% and 100% inhibition level. 

 

4.3.7 Both the CAP256.25 heavy chain, especially the CDRH3, and the light 

chain modulate broad heterologous neutralization  

Next, we assessed the ability of the CAP256.UCA and CAP256.25 chimeras to neutralize 14 

heterologous viruses that are variably sensitive to the members of the CAP256-VRC26 lineage. 

The virus panel includes two tier 1B, 11 tier 2 and one tier 3 virus from subtypes A, B and C 
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[277]. First, we tested the heavy chain chimeras (UCA CC, UCA25FR, UCA25H2, UCA25H3, 

UCA25H23 and UCA25H123) matched with the CAP256.UCA light chain (Figure 4.7). The UCA CC 

chimera neutralized one virus, ZM53, with modest potency (0.84 μg/mL, Figure 4.7). 

Interestingly, despite the dominant role of the CDRs in forming the antibody paratope, the 

CAP256.UCA chimera with the CAP256.25 heavy chain FR1, FR2 and FR3 (UCA25FR) 

neutralized three viruses (CAP210, ZM53, and ZM197), albeit with low potency (GM 9.63 

μg/mL, Figure 4.7). While the CAP256.25 CDRH2 chimera (UCA25H2) exhibited no 

heterologous neutralization (Figure 4.7), the CAP256.25 CDRH3 (UCA25H3) chimera 

neutralized five viruses (GM 0.69 μg/mL). Compared to UCA CC and UCA25FR, the UCA25H3 

chimera neutralized ZM53 with 34- and 148-fold greater potency, respectively (Figure 4.7). 

Breadth was further improved (9/14) in UCA25H23, and with all three CDRHs together (UCA25H23), 

breadth increased by an additional two viruses (11/14) (Figure 4.7). However, this chimera did 

not neutralize all the viruses sensitive to CAP256.25, nor as potently. In addition, there was no 

significant difference in the GM potencies between UCA25H3, UCA25H23 and UCA25H123. Together, 

these data indicate that the heavy chain, and the CDRH3 in particular, substantially, but not 

entirely, confers heterologous breadth.  

 

 

Figure 4.7. Heterologous neutralization by the CAP256.UCA heavy chain chimeras.  

The sequences of the heavy (first row) and light (second row) chains for each antibody are visualized in a schematic. 

(First row) The variable heavy chain of CAP256.UCA (green) and CAP256.25 (purple) are shown in six segments, 

representing the three FR and three CDRs. (Second row) The light chains are colored according to the antibody, 

and the heavy chains are grey. The autologous viruses are tabulated in the first column and the neutralization titers 

(IC50, µg/mL) for each antibody populate the table and are colored by potency (indicated in the key). 

 

Heavy chain UCA UCA CC UCA25FR
UCA

25H2
UCA

25H3
UCA

25H23
UCA

25H123 25 25

UCA UCA UCA UCA UCA UCA UCA UCA 25

CAP210.E8 >50 >50 9.04 >50 0.087 0.038 0.039 0.039 0.00001

ZM53M.PB12.2 >50 0.84 3.69 >50 0.025 0.013 0.0069 0.012 0.00001

ZM197.7 >50 >50 26.76 >50 0.33 0.22 0.082 0.19 0.0013

Du156.12 >50 >50 >50 >50 >50 0.0058 18.17 0.0059 0.0010

Q259.d2.17 >50 >50 >50 >50 21.71 1.50 1.39 0.40 0.0024

CAP45.G3 >50 >50 >50 >50 9.97 0.072 0.047 0.011 0.00001

Du422.01 >50 >50 >50 >50 >50 28.61 22.75 31.93 0.027

ZM109.4 >50 >50 >50 >50 >50 33.17 10.88 11.47 0.00022

PVO.04 >50 >50 >50 >50 >50 >50 34.33 21.94 0.053

ZM214.15 >50 >50 >50 >50 >50 >50 >50 15.27 0.0024

ZM249.1 >50 >50 >50 >50 >50 3.52 25.79 0.17 0.00011

AC10.29 >50 >50 >50 >50 >50 >50 >50 >50 0.25

Q461.e2 >50 >50 >50 >50 >50 >50 41.90 12.86 0.0018

Q842.d12 >50 >50 >50 >50 >50 >50 >50 >50 0.0062

Geo mean IC50 - - 9.63 - 0.69 0.39 1.64 0.54 0.00098

% neutralization 0 0 21 0 36 64 86 86 100

Light chain

CC

FR1
CDRH1
FR2
CDRH2
FR3
CDRH3

Titer (IC50 µg/mL) 10
-5

10
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We also assessed the role of the light chain in neutralization of heterologous viruses and found 

that the UCA HC + 25 LC chimera, like the CAP256.UCA, failed to neutralize any heterologous 

viruses (Figure 4.8). However, the 25 HC + UCA LC chimera exhibited considerable breadth 

(12/14 viruses), though it showed a significant decrease in potency (p=0.0005, Wilcoxon 

matched-pairs) compared to CAP256.25 (Figure 4.8). Unlike autologous neutralization, this 

effect could not be attributed to the CDRL2, as the introduction of the CAP256.25 CDRL2 (25 

HC + UCA25L2) did not improve neutralization potency (Figure 4.8) compared to 25 HC + UCA 

LC (Figure 4.7 and Figure 4.8).  

 

 

Figure 4.8. Heterologous neutralization by the CAP256.UCA heavy and light chain chimeras.  

The sequences of the heavy (first row) and light (second row) chains for each antibody are visualized in a schematic. 

(First row) The variable heavy chain of CAP256.UCA (green) and CAP256.25 (purple) are shown in six segments, 

representing the three FR and three CDRs. (Second row) The light chains are colored according to the antibody, 

and the heavy chains are grey. The autologous viruses are tabulated in the first column and the neutralization titers 

(IC50, µg/mL) for each antibody populate the table and are colored by potency (indicated in the key).  

 

To further assess the impact of the entire CAP256.25 light chain on potency, we tested the 

heterologous neutralization of four heavy chain chimeras matched with either the 

CAP256.UCA or CAP256.25 light chain (Figure 4.9). We found that pairing the UCA25H23 and 

UCA25H123 heavy chains with the CAP256.25 light chain, significantly improved potency 

(p=0.004 and p=0.003, respectively, Wilcoxon matched-pairs) (Figure 4.9) with a similar trend 

for the UCA25H3 light chain chimeras (Figure 4.9). In addition to potency, the CAP256.25 light 

Heavy chain UCA UCA UCA 25 25

UCA 25 UCA
25L2

UCA
25L2 25

CAP210.E8 >50 >50 >50 0.036 0.00001

ZM53M.PB12.2 >50 >50 >50 0.013 0.00001

ZM197.7 >50 >50 >50 0.18 0.0013

Du156.12 >50 >50 >50 0.0055 0.0010

Q259.d2.17 >50 >50 >50 0.40 0.0024

CAP45.G3 >50 >50 >50 0.014 0.00001

Du422.01 >50 >50 >50 14.97 0.027

ZM109.4 >50 >50 >50 7.88 0.00022

PVO.04 >50 >50 >50 20.29 0.053

ZM214.15 >50 >50 >50 32.84 0.0024

ZM249.1 >50 >50 >50 1.37 0.00011

AC10.29 >50 >50 >50 >50 0.25

Q461.e2 >50 >50 >50 18.05 0.0018

Q842.d12 >50 >50 >50 >50 0.0062

Geo mean IC50 - - - 0.65 0.00098

% neutralization 0 0 0 86 100
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CDRH2
FR3
CDRH3

10
-5

10
2

Titer (IC50 

µg/mL)



 83 

chain improved the breadth of the CAP256.UCA heavy chain chimeras as the UCA25H3 heavy 

chain paired with the CAP256.25 light chain neutralized two additional viruses (Figure 4.9) 

compared to the CAP256.UCA light chain variant. Similarly, both the UCA25H23 and UCA25H123 

chimeras matched with the CAP256.25 light chain neutralized an additional four and two 

viruses, respectively (Figure 4.9). Therefore, compared to autologous neutralization, the light 

chain has a greater impact on heterologous breadth. Together these data indicate that the light 

chain has a substantial yet variable impact on both heterologous and autologous neutralization 

potency. 

 

 

Figure 4.9. Heterologous neutralization by the CAP256.UCA heavy chain chimeras paired with the CAP256.UCA 

and CAP256.25 light chains.  

The schematic in the first and second rows detail the sequences of the heavy and light chains, respectively for each 

antibody. The three FR and three CDRs of the CAP256.UCA (green) and CAP256.25 (purple) heavy chains are 

shown in six segments. The light chains are colored according to the antibody, and the heavy chains are grey. The 

neutralization titers (IC50, µg/mL) for each antibody are plotted on a logarithmic scale. The significance of the 

differences between each pair was determined with the Wilcoxon matched-pairs signed rank test (ns = not 

significant, *p=<0.05 and **p=<0.01). 

 

4.3.8 Minimally mutated CAP256.25 antibodies are generally more potent 

than most bNAbs 

We utilized the CATNAP (Compile, Analyze and Tally NAb Panels, hiv.lanl.gov/catnap) 

database of bNAb titers to compare the neutralization of the antibodies we developed to those 

that have been previously characterized (Figure 4.10). Plotted are the titers from CATNAP 

(grey) for each antibody (average of 99 per virus), CAP256.25 (red), UCA25H123 (blue), UCA25H23 

(green) and UCA25H3 (orange), and the GM potency is indicated (black bar). Both the UCA25H123 
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and UCA25H23 chimeras were an order of magnitude more potent than the GM of the unrelated 

bNAbs against three viruses (CAP210, CAP45 and ZM53). Furthermore, UCA25H3, with half of 

the heavy chain mutations compared to CAP256.25, exhibited greater potency than the GM 

against three viruses. This demonstrates that a minimally mutated CAP256.25 antibody would 

be substantially more potent compared to many other bNAbs against particular viruses. 

 

 

Figure 4.10. Minimally mutated CAP256.25 antibodies are very potent compared to other bNAbs. 

Reported are the titers from the CATNAP (Compile, Analyze and Tally NAb Panels, hiv.lanl.gov/catnap) database 

for an average of 99 bNAbs per virus (grey). Plotted are CAP256.25 (red), UCA25H123 (blue), UCA25H23 (green), 

UCA25H3 (orange), and the GM potencies (black bar). The first row of the table shows the number of antibodies 

included for each virus, below that is the GM potency, and the titers for CAP256.25 and chimeras populate the last 

four rows. 

  

# of antibodies 81 89 102 153 118 151 77 67 95 78 96 79 99 103

Geo mean IC50 0.31 0.24 0.18 0.31 0.71 0.67 0.26 0.77 0.13 0.54 0.71 0.77 0.37 0.14

CAP256.25 0.25 0.00001 0.00001 0.0010 0.027 0.053 0.0024 0.0018 0.0062 0.00022 0.0013 0.0024 0.00011 0.00001
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 Discussion 

Innovative antigen formulations and vaccine strategies are probably necessary to elicit 

protective responses against HIV infection since traditional approaches have not succeeded 

thus far [164,212–215,218]. Valuable insights for vaccine design have been gained from bNAb 

lineage ontogeny studies [187,189,196,197,203,205,220–222], leading to the development of 

germline-targeting immunogens that have shown potential for triggering bNAbs precursors in 

several studies [216,325,332–335,337–339]. However, because these precursors typically lack 

neutralization [178,187,229–238,193,239–243,197,200,224–228], such antibodies will need to 

acquire breadth through somatic hypermutation. Consequently, understanding which 

mutations introduce breadth and potency, and which mutations have minimal or no impact, are 

crucial to the design of vaccines [215,218]. Here, we investigated the genetic basis for 

neutralization by CAP256.25, a member of the CAP256-VRC26 V2-specific lineage that is 

moderately mutated compared to many other bNAbs [204,205]. We found that the heavy chain 

CDRs, particularly the CDRH3 which is known to be a major part of the paratope, 

predominantly modulated both autologous and heterologous neutralization. However, the light 

chain contributed to autologous neutralization potency and had an impact on both the breadth 

and potency of heterologous neutralization. Together, we demonstrate that about half of the 

CAP256.25 mutations are necessary for breadth. This suggests that focusing SHM to the 

CDRHs and the light chain of V2-bNAb precursors may hasten the development of breadth 

and potency.  

 

Here, we have shown that the mutations in the CAP256.25 CDRH3 (14 improbable mutations, 

3 probable mutations and one insertion) are the primary determinants of neutralization since 

transferring this loop into the CAP256.UCA introduced substantial autologous and some 

heterologous neutralization. Furthermore, as few as two of these improbable mutations, which 

introduced a stabilizing disulfide bond in the CDRH3 [206,207], enhanced autologous 

neutralization. In addition, the CDRH3 was largely responsible for conferring tolerance of 

emerging autologous viral variants. Moreover, the addition of three probable mutations from 

the CAP256.25 CDRH2, further improved breadth and potency of the CAP256.25 CDRH3 

chimera. Together, our data indicate that about half of the mutations present in the CAP256.25 

heavy chain are required for ~60% breadth and 0.39 μg/mL potency. These findings are 

concordant with other studies on minimally mutated bNAbs, including BF520.1 [221,222] and 

VRC01 [256], where approximately half of the mutations were necessary to confer breadth. 

Therefore, only selected improbable mutations, particularly in the CDRH3, and not the FR, may 

be essential for V2-specific antibodies. 
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We found that the heavy and light chains had different but complementary roles in contributing 

to breadth and potency, respectively. We demonstrated that the heavy chain, and in particular 

the presence of a disulfide bond in the CDRH3, was responsible for ensuring that neutralization 

reached 100% at high antibody concentrations. The disulfide bond rigidifies the CDRH3 [206] 

which may allow the antibody to tolerate glycovariants since, as others have shown, the 

CAP256.UCA and germline-revertants are dependent upon particular glycoforms for 

neutralization [239,361,362]. Although the structure of CAP256.25 indicates that the CDRL2 is 

in close proximity to the V1V2 N130 and N160 glycans [206], the role of the light chain has not 

previously been confirmed. We established that the CAP256.25 CDRL2 was responsible for 

modulating autologous neutralization potency, but that other mutations were necessary to 

recapitulate the exceptional breadth of CAP256.25. Our data support the conclusion that the 

CDRL2 contributes to the paratope of CAP256.25 and suggests that V2 vaccine strategies may 

need to include immunogens that select for light chain mutations. 

 

Although the FR typically does not contact the epitope and it evolves at a slower rate than the 

CDRs, it plays a role in neutralization potency [228,230,249,252]. Our data also show that the 

CAP256.25 heavy chain FR germline-revertant retained most of the broad neutralization of the 

wild-type antibody but that potency was impaired. This is concordant with the 10E8 FR 

germline-revertant, which has been shown to be similarly broad as 10E8, but substantially less 

potent [230]. Furthermore, matching the CAP256.25 FR germline-revertant with the mature 

CAP256.25 light chain improved potency, as has been previously observed with the VRC01 

FR germline-revertant paired with the mature VRC01 light chain [230]. Together, our data 

provide further evidence that the FR [228,230,249,252] regions and light chain modulate bNAb 

potency. 

 

While V1V2-targetting bNAbs generally have unusually long CDRH3s, the frequency of naïve 

B-cells with CDRH3s of >30 amino acids may be as high as ~0.4% [216]. In addition, it may be 

possible to activate these rare precursors with antigens displaying exposed V1V2 neutralizing 

epitopes [325,388] and drive targeted affinity maturation through boosts with increasingly 

native and varied antigens. Our data suggest that maturation targeted to the CDRH2 and 

CDRH3 can introduce substantial breadth and potency into CAP256.25-like precursors. In 

addition to informing vaccine design, identification of the mutations necessary for neutralization 

may be important to minimize the immunogenicity of passively infused bNAbs [230,389], 

thereby improving antibody half-life by slowing their clearance. 
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In this study, we show that the CAP256.25 heavy chain is central to mediating breadth and that 

approximately half of the heavy chain mutations are essential for neutralization. Moreover, the 

CDRH3 is the principal determinant of heterologous neutralization and it confers tolerance of 

emerging autologous viral variants. Furthermore, we demonstrate that the light chain and FR 

contribute to potency but have a smaller impact on breadth.  Together these data suggest that 

a modestly mutated V2-targetting bNAb is a tractable vaccine goal since affinity maturation 

targeted to the CDRHs and light chain can efficiently introduce neutralization breadth and 

potency.  
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 Introduction 

The exceptional diversity and high mutation rate of HIV contributes  to the challenge of eliciting 

an immune response that protects against transmission, controls viremia or eradicates 

infection [40,160,214,377,390,391]. Although the development of an HIV vaccine has 

progressed slowly, studies of HIV infection have identified antibodies that neutralize diverse 

unrelated strains of HIV [152,153,158–161]. Crucially, passive administration of these broadly 

neutralizing antibodies (bNAbs) protects mice [348] and primates [349] from infection, 

improves viral suppression and drives the clearance of infected cells. However, the antiviral 

activity of passively infused bNAbs is not entirely dependent on neutralization as ablation of Fc 

receptor (FcR) binding, which prevents antibody engagement of effector cells, can dramatically 

reduce the efficacy of passive immunization [346,348,349]. Together, neutralization and 

effector functions are the key determinants of antibody-mediated protection.  

 

The Fc domain, determined by antibody isotype, mediates effector functions by binding to 

complement, lectins and Fc receptors (FcR) on innate immune cells and lymphocytes [98]. 

There are five classes of Fc in humans (IgM, IgD, IgG, IgA and IgE) and each class targets 

particular FcRs (FcµR, FcδR, FcγR, FcαR and FcεR, respectively) [102,109]. In addition, there 

are six Fc subclasses (IgA1, IgA2, IgG1, IgG2, IgG3 and IgG4) and FcεR and FcγRs consist 

of several members (FcεRI/II, FcγRI, FcγRIIa/b/c and FcγRIIIa/b) and alleles [98]. The 

receptors have variable affinities for their target Fcs, with the high affinity FcRs (FcεRI and 

FcγRI) strongly activating effector cells and an inhibitory receptor (FcγRIIb), blocking 

stimulation [114]. In addition, since the FcRs are not uniformly expressed by all immune cells, 

antibodies with the same specificities can activate a variety of different effector functions [134].  

 

Antibody-mediated effector functions include the initiation of the complement cascade [138], 

phagocytosis [135], cytotoxicity [136] and trogocytosis [137]. Antibody-dependent complement 

deposition (ADCD) stimulates phagocytosis and the formation of the cell-killing membrane 

attack complex and is strongly driven by IgM [140], IgG1 and IgG3 [135]. Antibody-dependent 

cellular phagocytosis (ADCP) results in the degradation of engulfed microbes and is mediated 

by natural killer (NK) cells, macrophages, monocytes, mast cells, dendritic cells and neutrophils 

[135]. Antibody-dependent cellular cytotoxicity (ADCC) leads to the apoptosis of target cells 

via the release of perforin and granzyme B by activated cytotoxic T-cells and NK cells [136,139]. 

Antibody-dependent cellular trogocytosis (ADCT) is the fatal extraction of a target cell’s 

membrane and is mediated by lymphocytes, granulocytes, macrophages, monocytes, dendritic 

cells and NK cells [137]. Since IgG1 and in particular IgG3 strongly bind to the activating FcγRs, 

antibodies with these isotypes potently mediate ADCP, ADCC and ADCT, and initiate ADCD 
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[141,142]. In contrast, IgG2 and IgG4 have a poor/no capacity to fix complement and have 

substantially lower affinity for the activating FcγRs [114]. Both IgG2 and IgG4 have a shorter 

hinge region than either IgG1 or IgG3, which may impact Fc flexibility and accessibility [114]. 

Furthermore, IgG4 engages the inhibitory receptor (FcγRIIb) which blocks effector cell 

activation and this isotype is more common in HIV infected individuals, particularly in rapid 

progressors [107,147–149]. Since IgG4 is induced after repeated or chronic antigenic 

stimulation, class switching to IgG4 is likely an adaptive response to attenuate immune 

exhaustion [115–117]. Consequently, isotype and effector cell functionality should be 

considered together with neutralization when assessing the ability of an HIV specific antibody 

to block infection, suppress viremia and clear infected cells. 

 

To explore the impact of isotype on neutralization and effector function, we utilized the 

CAP256-VRC26 V2-specific bNAb lineage [204,205]. These antibodies were isolated by 

antigen-specific sorting and B-cell culture of peripheral blood mononuclear cell (PBMC) from 

an HIV infected individual, CAP256, who had broadly neutralizing plasma [153,360]. This 

lineage targets a quaternary epitope at the distal tip of Env which is formed by the convergence 

of the V1V2 of each protomer [206]. Like other V2 bNAbs [161,199,201,203,206,210] the 

CAP256 antibodies have a very long CDRH3 (35-38 amino acids, aa) which bypass glycans 

and projects into the trimer apex to contact underlying conserved sites in V2 strands B and C, 

including K169 [204–206]. The heavy (IGHV3-30*18) and light chain (IGLV1-51*02) genes of 

the lineage members are modestly divergent (4-17% and 4-15%, respectively) from the 

unmutated common ancestor (UCA) and breadth and potency ranges from 2%-63% and 5.00-

0.003 μg/mL, respectively [204]. Since the isotype of these antibodies was unknown, they were 

expressed as IgG1, which is the most common isotype overall [204,205]. CAP256.25 is the 

broadest and most potent member of the lineage and protects passively infused primates from 

infection at very low concentrations and modifications to the Fc substantially improves the half-

life [344]. Furthermore, the CAP256 plasma breadth is mediated in part by IgG3 antibodies, 

and CAP256.25 expressed as IgG3 has enhanced potency and greater effector functions 

compared to IgG1 [363]. 

 

In antigen-specific sorts performed in 2016, additional antibodies were recovered from CAP256 

and the constant domains have been sequenced to identify the isotypes. Here we report new 

members of the CAP256-VRC26 lineage and describe their genetic and functional 

characteristics. Seven new CAP256-VRC26 lineage members were recovered as IgG4 and we 

assessed neutralization and effector functions (ADCC, ADCD, ADC and ADCT) of four 

antibodies as both IgG4 and IgG1. The IgG1 (33-80% breadth and 0.11-0.78 μg/mL potency) 

variants were broader and more potent compared to the matched IgG4 antibodies (27-60% 
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breadth and 0.06-5.66 μg/mL). However, regardless of isotype, the antibodies mediated ADCC 

and ADCT in response to a heterologous antigen. Surprisingly, the IgG4 variants were 

significantly better than IgG1 at mediating ADCP. Two antibodies differed by one amino acid 

in the CDRH3 which had a significant impact on the effector functions of the antibodies 

suggesting that the Fab domain may impact Fc-mediated effector function. Together, these 

data provide further insights into the maturation of the CAP256-VRC26 lineage and indicate 

that while V2-specific IgG4 antibodies are less broad and potent compared to IgG1, they can 

mediate similar or improved effector functions. This may inform the design of passive 

immunization strategies since IgG4, in addition to IgG1, is readily transferred across the 

placenta. 
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 Materials and methods 

5.2.1 Ethics statement 

The human research ethics committee for the University of the Witwatersrand approved 

(M160934) this study (see 7.2, page 111, Appendix B: Ethics certificate). For further details  

see 2.1 (page 31). 

 

5.2.2 Memory B-cell sorting  

Memory B-cells were isolated from PBMCs collected from donor CAP256 at 193 weeks pi by 

antigen-specific fluorescence-activated cell sorting (FACS) by Dr. Nono Mkhize. To identify 

V2-specific antibodies the sort strategy included a wild-type BG505 SOSIP.664 trimer and 

BG505 SOSIP.664 K169E mutant. Reverse transcription, Ig amplification by nested PCR and 

Sanger sequencing was performed by Dr. Bronwen Lambson, as previously described 

[204,205]  

 

5.2.3 Heavy and light chain gene identification 

To identify the heavy chain (IGHV, IGHD and IGHJ), kappa light chain (IGKV and IGKJ) and 

lambda light chain (IGLV and IGLJ) genes and alleles, sequences were submitted to the 

ImMunoGeneTics V-QUEry and Standardization (IMGT/V-QUEST) tool at 

imgt.org/IMGT_vquest/input [392]. The IGHC isotype was assigned according to the IMGT 

Homo sapiens constant domain reference directory.  

 

5.2.4 Cloning 

Antibodies identified with natural IgG4 isotypes were cloned into a CMVRHC IgG4 expression 

vector [393] provided by Dr. Andrew Crowley, Dartmouth College, Hanover, NH. To follow the 

same cloning protocol detailed in 2.2 (page 31), restriction sites in the IgG4 CMVRHC vector 

were modified by site-directed mutagenesis and subcloning. 
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5.2.4.1 PCR and site-directed mutagenesis to introduce restriction enzyme 
sites 

Restriction sites were incorporated into the variable genes of the newly identified CAP256-

VRC26 IgG4 lineage members to subclone into the genes into the CMVRHC IgG4 vector. This 

was achieved by amplification with gene-specific primers for the heavy chain (5' AgeI VH3 and 

3' Sall JH3) and light chain (5' AgeI VL1 and 3' XhoI CL) (Appendix table 5). One microliter of 

the first round PCR product was amplified with the AccuPrime Pfx DNA Polymerase (1.25 U) 

in 1x AccuPrime Pfx Reaction Mix and 25 µM each of the forward and reverse primers in 50 

µL. The thermocyling conditions were 95°C for 2 min, 30x 95°C for 15 sec, 55°C for 30 sec and 

68°C for 45 sec and 1x 68°C for 5 min. The products were cleaned with the QIAquick PCR 

Purification Kit (Qiagen) according to the manufacturer’s protocol. Next, the purified PCR 

products were digested with the AgeI and SalI FastDigest (Thermo Scientific) restriction 

enzymes as described in 2.2.2 (page 31). Thereafter, the digested fragments were cleaned 

with the QIAquick PCR Purification Kit (Qiagen) and stored at -20°C. 

 

The IgG4 CMVRHC plasmid had an additional AgeI sequence in the CH1 and lacked a SalI site 

at the beginning of the CH1. Consequently, primers were designed to remove the AgeI 

sequence and introduce the SalI sequence by site-directed mutagenesis. Mutagenesis was 

carried out with the QuikChange Multi Site-Directed Mutagenesis Kit (Agilent) as described in 

2.3 (page 32) with primers listed in Appendix table 5. As per the methods in 2.2.2 (page 31), 

the PCR products were digested with DpnI, transformed into JM109 cells and the purified 

plasmids were sequenced.  

 

5.2.4.2 CMVR modification and IgG4 subcloning 

To remove a second unwanted SalI site located 5’ to the antibody signal sequence, the 

antibody variable and constant IgG4 domains were subcloned into a CMVRHC plasmid without 

this additional SalI sequence. AgeI and BamHI were used according to the protocol in 2.2.2 

(page 31) to cut the 5’ end of the variable gene and 3’ to the IgG4 CH3 domain, respectively. 

Similarly, the IgG1 CMVRHC plasmid was cut with the same enzymes (the “recipient plasmid”). 

Thereafter, the variable and constant domain fragment was ligated into the recipient plasmid 

with the Rapid DNA Ligation Kit (Roche) according to the protocol in 2.2.4 (page 32). The light 

chain genes were subcloned into the CMVRLC vector following the same procedures in 2.2 

(page 31). Thereafter, the products were transformed into the XL10-Gold Ultracompetent Cells 

(Stratagene), and the plasmids purified and sequenced as explained in 2.5 (page 34), 2.6 

(page 34) and 2.7 (page 35), respectively. 
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5.2.5 Antibody expression and purification 

Antibody expression and purification is detailed in 2.9 (page 35). Briefly, the 293F cell line was 

co-transfected with PEI MAX (Polysciences) with the CMVRHC and CMVRLC plasmids and the 

monoclonal antibodies were isolated from the supernatant with Protein A resin (Pierce) 

columns. 

 

5.2.6 Neutralization assays 

The TZM-bl neutralization assay was performed as described in 2.11 (page 37) and measured 

antibody-mediated neutralization through the reduction of Tat-inducible luciferase 

fluorescence.  

 

5.2.7 Cell lines 

The TZM-bl and 293F cell lines, utilized for the antibody neutralization assay and monoclonal 

antibody production, respectively, were maintained as in 2.8 (page 35). The CEM.NKR.CCR5 

CD4+ T cell line and THP-1 monocyte cell line (NIH AIDS Reagent Program) were utilized as 

target and effector cells, respectively, for the Fc assays. These suspension cells were cultured 

in R10 which consisted of Roswell Park Memorial Institute 1640 (RPMI) media (Thermo 

Scientific) supplemented with 10% heat-inactivated FBS and 1% penicillin-streptomycin 

(Gibco). In addition, the THP-1 cell line growth media included 0.05 mM 2-mercaptoethanol 

(Gibco). The cell lines were cultured at 37°C (5% CO2) and passaged 1:10 when the density 

of the CEM and THP-1 cells reached 2x106 cells/mL and 4x105 cells/mL, respectively.  

 

5.2.8 Fc functional assays 

The antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent complement 

deposition (ADCD), antibody-dependent cellular trogocytosis (ADCT) and antibody-dependent 

cellular phagocytosis (ADCP) Fc assays were performed on the FACSAria II (BD Biosciences) 

flow cytometer in collaboration with Dr. Simone Richardson. The BG505 SOSIP.664 trimer was 

used as the antigen for the functional assays and was produced by Dr. Thandeka Moyo. Unless 

otherwise specified, cells were harvested at 400 g for 5 min, washes were done with R10 at 
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400 g for 5 min and incubation during staining with fluorochromes was done in the dark. Assays 

were conducted in a 96-well format. 

 

5.2.8.1 Antibody-dependent cellular cytotoxicity (ADCC) 

Cellular cytotoxicity was measured by granzyme B activity in the target CEM cells with the 

GranToxiLux (OncoImmunin) assay [394]. One million CEM cells were incubated with 10 

µg/mL of BG505 SOSIP.644 trimer in R10 for 75 min at 37°C with agitation every 30 min. For 

identification and to exclude dead cells, the CEM cells were stained with the TFL4 and NFLI 

fluorescent markers (1:1000 dilution), respectively, for 15 min at 37°C, and then washed twice 

and diluted to 0.4x106 cells/mL in R10. PBMC from an HIV negative donor were used as 

effector cells and resuspended to 1.2x107 cells/mL in R10. Granzyme B substrate was mixed 

with 1x104 coated CEM and 3x105 PBMC (1:30 ratio), incubated at room temperature for 5 min 

and then serially diluted antibody (5-fold dilutions, starting at 50 µg/mL) was added. The 

suspension was incubated at room temperature for 15 min and after centrifugation for 1 min at 

300 g, the cells were incubated for 1 hour at 37°C (5% CO2) and finally washed twice with 1% 

FBS-PBS. The percentage of singlet granzyme B positive live (NFL1-) CEM cells (TFLR4+) 

out of the total viable CEM population was determined by flow cytometry. Subtracted from this 

was the percent of FITC+ events from a control containing only effector/target cells and no 

antibody. Palivizumab and A32, which is a potent mediator of ADCC, were included as a 

negative and positive control, respectively. 

 

5.2.8.2 Antibody-dependent complement deposition (ADCD) 

Complement deposition was assessed by measuring the C3b complement component on CEM 

cells [395]. CEM cells were washed twice with RPMI, resuspended to 1x106 cells/mL and then 

incubated with 10 µg/mL of BG505 SOSIP.644 trimer for 1 hour at room temperature. Next, the 

cells were washed with RPMI and 1x105 cells were incubated for 15 min with 0.5 mg/mL of 

CAP256-VRC26 antibody in RPMI. HIV negative plasma was used a source of complement 

and was diluted 10-fold in 0.1% gelatin/veronal buffer (Sigma-Aldrich), added to the CEMs and 

antibody, and incubated for 20 min at 37°C. Thereafter, the cells were washed with 15 mM 

EDTA-PBS and then stained for 15 min at room temperature with FITC conjugated mouse anti-

human C3/C3b/iC3b antibody (Cedarlane) diluted 1:50 in 1x PBS. Following a wash in 1x PBS 

the cells were fixed in 4% paraformaldehyde. Heat-inactivated HIV negative plasma and CEM 

were used as negative controls. An ADCD score was calculated by multiplying the geometric 

mean (GM) fluorescence intensity by the percent of cells positive for C3b deposition. 
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5.2.8.3 Antibody-dependent cellular trogocytosis (ADCT) 

Trogocytosis is the fatal extraction of a target cell’s plasma membrane by an effector cell and 

was measured through the detection of CEM membrane on THP-1 cells [137]. One million 

washed CEM cells were incubated with 10 µg/mL of BG505 SOSIP.644 trimer for 75 min at 

37°C, with agitation every 30 min. The cells were washed twice in 1x PBS and 2x106 cells were 

stained with the PKH26 fluorescent membrane dye (Sigma-Aldrich) (diluted 1:332) according 

to the manufacturer’s protocol for 5 min at room temperature in a final volume of 332 µL. 

Staining was stopped by the addition of 800 µL of FBS and the cells were washed twice in ice 

cold 1x PBS (Gibco) and resuspended to 2x106 cells/mL. Thereafter, 50 µL of the CEM cells 

were co-incubated with 50 µL of antibody (5 µg/mL) in V bottom 96-well plates (Corning) for 30 

min at 37°C and then washed twice. During the incubation, 1x106 washed THP-1 effector cells 

were stained with carboxyfluorescein succinimidyl ester (CFSE) live/dead intracellular dye 

(1:2000 dilution) for 3 min at room temperature in 332 µL of 1x PBS. Staining was stopped by 

the addition of 400 µL of FBS and after 1 min the cells were washed twice in ice cold 1x PBS 

and diluted to 6.7x105 cells/mL in 1x PBS. Next, 150 µL of the THP-1 cells were added to the 

CEM and antibody mixture and incubated for 1 hour at 37°C (5% CO2) and then the cells were 

washed with 15 µM EDTA-PBS and then washed again with 1x PBS before fixing in 4% 

paraformaldehyde. Palivizumab and polyclonal HIV+ IgG (NIH AIDS Reagent Program) were 

included as negative and positive controls, respectively. Flow cytometry was used to detect 

THP-1 cells (CFSE) that had extracted labeled membrane (PKH26+) from the CEM cells 

(CFSE-) and was represented as a proportion of the total population of THP-1 cells. 

 

5.2.8.4 Antibody-dependent cellular phagocytosis (ADCP) 

The uptake of antigen coated beads by THP-1 cells was measured to determine an ADCP 

score [396]. AviTag (Avidity) conjugated BG505 SOSIP.664 trimer (1 mg/mL) was incubated 

with 1 µM of NeutrAvidin agarose beads (FITC) (Thermo Scientific) in a 4:1 ratio at 4°C 

overnight. Next, the beads were washed twice with 0.1% bovine serum albumin-PBS and 

diluted 1:100 in the same wash buffer. Antibody (50 µg/mL), including palivizumab (negative 

control) and pooled IgG from HIV+ donors (positive control), were diluted 3-fold in R10 and 

incubated for 2 hours at 37°C with 10 µL of coated NeutrAvidin beads in 96-well round bottom 

plates. Thereafter, the beads were washed with R10 and incubated with 1x105 THP-1 cells in 

200 µL of R10 at 37°C (5% CO2) overnight. Thereafter, the cells were pelleted and fixed in 4% 

paraformaldehyde. An ADCP score was calculated by multiplying the GM fluorescence 

intensity by the phagocytosed beads by the percent of bead uptake. 

 



 97 

5.2.9 Data and statistical analysis 

Flow cytometric data was analyzed with FlowJo v10 (BD Biosciences) and GraphPad Prism 8 

(GraphPad Software) was used to construct graphs and for statistical comparisons as detailed 

in 2.13 (page 38). 

 

5.2.10 Models 

Heavy and light chain antibody sequences were fitted to the structure of CAP256.25 in the 

Swiss-PdbViewer (v4.1.0) (Swiss Institute of Bioinformatics) [372]. The antibody models and 

the structures of X1193.c1 SOSIP.664 (PDB: 5FYJ) and BG505 SOSIP.664 (PDB: 5V8L and 

4NCO) were aligned to the structure of antibody CAP256.25 complexed with the 34-wk 80 virus 

Env trimer [206] in PyMOL Molecular Graphics System (v2.0.2) (Schrödinger).  
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 Results 

5.3.1 New members of the CAP256-VRC26 lineage are IgG4 class switched 

Previously, 92 memory B-cells that bound differentially to BG505 SOSIP.664 and a K169E 

mutant of this protein were sorted from PBMC isolated from donor CAP256 at 193 weeks pi. 

The heavy chain variable genes for 25 antibodies were amplified with gene specific primers 

and the sequences of the heavy chains were submitted to IMGT/V-QUEST for identification 

(Figure 5.1 A and B) [392]. The heavy chains belonged to diverse IGHV families, including VH1 

(n=9), VH3 (n=14) and VH4 (n=2) (Figure 5.1 A), and aside from IGHD7 and IGHJ1, all of the 

IGHD and IGHJ genes were represented (Figure 5.1 A). Two groups of clonal relatives were 

identified, one set of two clonally related VH1-69*01 antibodies (highlighted in green), and 

seven antibodies that shared the IGHV3-30*18, IGHD3-3*01 and IGHJ3*02 genes and CDRH3 

sequence with members of the CAP256-VRC26 lineage (Figure 5.1 A, yellow shading) 

[204,205]. These seven new CAP256-VRC26 lineage heavy chains were 11.5-16.0% divergent 

from the CAP256.UCA sequence. Notably, aside from 10B which was IgA, the novel CAP256-

VRC26 antibodies were all IgG4 class switched. Thus far, the IgG4 isotype has not been 

observed in the CAP256-VRC26 lineage, and these antibodies are described in more detail 

below.  

 

Of the singletons, the IGHV somatic hypermutation from the germline nucleotide sequence 

ranged from 3.1-32% (median 11.8%), the median lengths of the CDRH1, CDRH2 and CDRH3 

were 8, 8 and 15 aa respectively, and the median lengths of the FR1, FR2, FR3 and FR4 were 

25, 17, 38 and 11 aa, respectively (Figure 5.1 B). IgG was the most common isotype (n=12) 

and there was sufficient sequence data to identify six antibodies as IgG1 and two as IgG3 

(Figure 5.1 B). The five remaining antibodies were IgA (Figure 5.1 B). 

 

Of the seven novel members of the CAP256-VRC26 lineage, the light chains of five (2G, 4G, 

8F, 9E and 12B) were successfully amplified and found to share the same IGLV1-51*02 and 

IGLJ1*01 alleles as CAP256-VRC26 antibodies (Figure 5.1 C). The light chains had diverged 

from the germline nucleotide sequence by 13-14.7% (Figure 5.1 C). The median lengths of the 

CDRL1, CDRL2 and CDRL3 were 8, 3 and 8 aa (the latter having the same four residue 

deletion as previously described antibodies CAP256.11, 12, 13 and 32). The median lengths 

of the FR1, FR2, FR3 and FR4 were 25, 17, 36 and 10 aa (Figure 5.1 C).  
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Maximum likelihood phylogenetic trees of the heavy and light chains of the 33 previously 

described members CAP256-VRC26 lineage and the newly identified antibodies were 

constructed [204]. Antibodies 9E, 12B, 4G, 4C, 2G and 8F were most closely related to the 

CAP256.11 and CAP256.32, while 10B was more closely related to CAP256.18 (Figure 5.2). 

Antibodies 2G and 8F shared the same light chain sequence and their heavy chains differed 

by only one amino acid in the CDRH3 (Q98 and E98, respectively). In total, we identified five 

new matched heavy and light chain genes of IgG4 class switched members of the CAP256-

VRC26 lineage. 

 

Figure 5.1. Gene usage and characteristics of the novel antibodies isolated from CAP256. 

(A) The horizontal slices represent the proportion of the IGHV gene families identified in the heavy chain sequences 

from the newly sorted CAP256 antibodies. (B) Tabulated are the IGHV, IGHD and IGHJ genes, the divergence from 

the germline sequence (%), CDRH (amino acids, aa) and FR length (aa), CDRH3 sequence and isotype. (C) Similar 

to (B), here the light chain gene usage and other characteristics are listed for the light chains matched with CAP256-

VRC26 lineage heavy chains. 
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Figure 5.2. Phylogenetic trees of the 33 member CAP256-VRC26 lineage and the new members. 

Maximum phylogenetic trees of the heavy (top) and light (bottom) variable chains of the CAP256-VRC26 antibody 

lineage and the new lineage members (yellow). CAP256.11, CAP256.18 and CAP256.32 (green) are most closely 

related to the novel antibodies. The scale represents the rate of nucleotide change per site between nodes. 

 

5.3.2 Autologous neutralization breadth is similar between the isotypes but 

the IgG1 variants are slightly more potent 

To explore the impact that the natural IgG4 isotype of the new CAP256-VRC26 antibodies had 

on neutralization, we cloned the variable heavy and light chain genes into an IgG4 CMVRHC 

and CMVRLC expression vector, respectively. In addition, we produced IgG1 variants of each 

antibody since IgG1 is the most common isotype in serum antibodies and the previously 

described CAP256-VRC26 antibodies were expressed as IgG1 [204,205]. We were 

unsuccessful in cloning antibody 12B and so in the subsequent experiments, we focused on 

2G, 4G, 8F and 9E. Neutralization was tested in the TZM-bl neutralization assay against 20 

autologous viruses isolated from 6 to 69 weeks pi. Antibodies 2G, 4G, 8F and 9E expressed 

as IgG1 neutralized 12, 13, 13 and 16 viruses, respectively, with geometric mean (GM) 

potencies of between 0.057 and 0.19 µg/mL (Figure 5.3). The IgG4 variants of 4G and 8F 

neutralized the same viruses as the IgG1 versions but the GM potencies were ~3-fold less 

(Figure 5.3). In contrast, the IgG4 variants of 2G and 9E neutralized 1 and 2 fewer viruses, 

respectively, than the IgG1 versions. While the GM potencies of 2G IgG1 and IgG4 were similar, 

9E IgG4 was ~8-fold less potent than the matched IgG1 antibody (Figure 5.3). Both 9E isotype 

variants neutralized the greatest number of autologous viruses, including the 6-wk PI which is 

resistant to most of the CAP256-VRC26 lineage members, aside from broadest antibodies 
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such as CAP256.25 (Figure 5.3) [204]. Together, these data suggest that autologous viruses 

are sensitive to both isotype variants but that the natural IgG4 versions are variably less potent 

compared to IgG1. 

 

 

Figure 5.3. The IgG4 antibodies have similar autologous neutralization compared to the IgG1 isotype but are less 

potent. 

Neutralization of autologous viruses from the first 69 weeks of infection by antibodies 2G, 4G, 8F and 9E tested as 

IgG1 and their natural isotype, IgG4. The fold change in the potency between the isotypes is indicated alongside 

each pair and potency is indicated by color (as in the key). Neutralization data represents the arithmetic mean titers 

(IC50, µg/mL) from at least two experiments and CAP256.25 IgG1 is included as a reference. 

 

5.3.3 Heterologous neutralization is reduced for antibodies expressed as 

IgG4  

Heterologous neutralization was assessed with a panel of 15 viruses that included two tier 1B, 

12 tier 2 and one tier 3 virus from subtypes A, B and C [277]. Antibodies 2G, 4G and 8F, 

regardless of isotype, exhibited limited breadth of between 27% and 47% (Figure 5.4), which 

is similar to CAP256.11 and 32, with which these antibodies cluster on the phylogenetic tree 

(Figure 5.2)  In contrast, 9E, which is less closely related to  CAP256.11 and 32 (Figure 5.2), 

was considerably broader, as either isotype, compared to the other antibodies, and as IgG1 it 

neutralized five additional viruses, resulting in 80% breadth (Figure 5.4). Du156, ZM197, 

CAP210 and ZM53 were sensitive to both the IgG1 and IgG4 variants of all four antibodies 

(Figure 5.4). In addition, 4G (as IgG1 and IgG4) neutralized Du422, and 2G, 4G and 8F IgG1 

Virus IgG1 IgG4 Fold IgG1 IgG4 Fold IgG1 IgG4 Fold IgG1 IgG4 Fold CAP256.25

6-wk PI >50 >50 - >50 >50 - >50 >50 - 11.26 28.48 2.5 0.22

15-wk SU 0.0066 0.0095 1.4 0.0043 0.013 2.9 0.0047 0.012 2.6 0.016 0.27 16.4 0.00005

34-wk 80 0.0018 0.0027 1.5 0.0018 0.0057 3.1 0.0017 0.0091 5.4 0.010 0.12 11.6 0.00001

34-wk 81 0.0045 0.011 2.5 0.0057 0.014 2.4 0.0077 0.020 2.6 0.011 0.25 22.6 0.00004

34-wk 77 0.0022 0.0055 2.5 0.0016 0.0045 2.7 0.0013 0.0047 3.7 0.0073 0.11 15.5 0.00001

34-wk 31 0.16 0.39 2.4 0.11 0.41 3.7 0.13 0.37 3.0 0.17 3.57 21.4 0.0011

34-wk 55 0.17 0.35 2.0 0.19 0.67 3.5 0.17 0.44 2.5 0.23 4.59 19.7 0.0022

34-wk 68 >50 >50 - >50 >50 - >50 >50 - >50 >50 - >25

38-wk 16 >50 >50 - >50 >50 - >50 >50 - 12.10 >50 KO 0.0069

38-wk 19 >50 >50 - >50 >50 - >50 >50 - 26.76 >50 KO >25

42-wk 1 0.070 0.15 2.1 0.064 0.19 2.9 0.048 0.11 2.3 0.078 1.56 20.1 0.00042

42-wk 5 0.14 0.24 1.7 0.13 0.36 2.9 0.12 0.32 2.8 0.14 3.17 22.6 0.00017

42-wk 16 0.0021 0.0030 1.4 0.0011 0.0046 4.1 0.0011 0.0022 2.1 0.0021 0.091 43.8 <0.00001

42-wk 24 0.94 1.65 1.8 0.58 1.90 3.3 0.99 1.56 1.6 1.24 22.26 17.9 0.00249

42-wk 18 >50 >50 - >50 >50 - >50 >50 - >50 >50 - 0.015

59-wk 4 0.38 0.75 2.0 0.13 0.45 3.4 0.16 0.45 2.8 0.16 2.10 13.3 0.091

59-wk 2 >50 >50 - >50 >50 - >50 >50 - >50 >50 - >25

69-wk 172 46.88 >50 KO 3.99 12.38 3.1 9.60 23.61 2.5 0.36 7.26 20.3 0.080

69-wk 173 >50 >50 - 23.70 31.77 1.3 22.01 31.70 1.4 0.78 10.59 13.5 0.043

69-wk 177 >50 >50 - >50 >50 - >50 >50 - >50 >50 - >25

Breadth 60 55 65 65 65 65 80 70 80

Geomean 0.057 0.059 1.0 0.059 0.17 2.9 0.064 0.17 2.6 0.19 1.59 8.5 0.0015

2G 4G 8F 9E

Titre (IC50 µg/mL) 10-5 102
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neutralized PVO and BG505 was neutralized by 4G and 8F IgG1 (Figure 5.4). Antibody 9E as 

IgG1 neutralized 12/15 viruses with a GM potency of 0.78 µg/mL whereas the IgG4 version 

neutralized 9/15 viruses with a significantly lower (p=0.0039, Wilcoxon matched-pairs) GM 

potency of 5.66 µg/mL. Overall, although heterologous neutralization was similar between each 

isotype, the IgG4 versions were less potent and less broad compared to the IgG1 variants, with 

these differences reaching significance for 9E (Figure 5.2). 

 

 

Figure 5.4. The IgG1 variants were slightly more broad and potent than the natural IgG4 versions. 

Heterologous neutralization by IgG1 and IgG4 isotype variants and two closely related clonal relatives (CAP256.11 

and CAP256.32, titers from [204]). Fold changes are indicated alongside each isotype pair. Neutralization potency 

is indicated by color (as in the key) and the data represents the arithmetic mean titers (IC50, µg/mL) from at least 

two experiments. Below each antibody column, the titers for the IgG1 and IgG4 pairs are plotted on the axes.  

 

5.3.4 IgG1 and IgG4 differentially activate diverse Fc functions 

Since IgG4 is known to have an impact on antibody-mediated effector functions [114], we 

tested the effect of isotype on Fc function (ADCC, ADCT, ADCP and ADCD) using the sorting 

probe BG505 SOSIP.664 trimer as the viral antigen. We found that all of the antibodies, both 

as IgG1 and IgG4, mediated ADCC, with 2G and 9E mediating the highest levels of ADCC, 

followed by 8F and then 4G (Figure 5.5 A). For 2G, 4G and 9E, we observed no difference in 

the ability of either isotype to drive ADCC (p>0.057, paired t-test) (Figure 5.5 A). In contrast, 

for antibody 8F, the IgG4 version was significantly better (p=0.017, paired t-test) at mediating 

ADCC compared to the matched IgG1 antibody (Figure 5.5 A).  

Virus IgG1 IgG4 Fold IgG1 IgG4 Fold IgG1 IgG4 Fold IgG1 IgG4 Fold

DU156.12 0.010 0.034 3.5 0.0043 0.031 7.2 0.0043 0.014 3.3 0.022 0.49 22.2 >50 >50 >50 0.0010

ZM214.15 >50 >50 - >50 >50 - >50 >50 - >50 >50 - >50 >50 >50 0.0024

ZM197.7 0.18 0.57 3.2 0.17 0.74 4.4 0.17 0.54 3.2 0.23 4.84 21.4 0.055 1.89 0.10 0.0013

CAP45.G3 >50 >50 - >50 >50 >50 >50 - >50 >50 KO >50 >50 >50 0.00001

DU422.01 >50 >50 - 31.29 48.87 1.6 >50 >50 - 0.68 9.29 13.6 11.50 5.40 >50 0.027

ZM249.1 >50 >50 - >50 >50 - >50 >50 - 0.45 12.11 27.0 34.5 >50 16.8 0.00011

PVO.04 37.91 >50 KO 18.11 >50 - 21.05 40.80 1.9 1.67 18.44 11.0 10.8 >50 17.8 0.053

Q842.d12 >50 >50 - >50 >50 - >50 >50 - 4.50 >50 KO >50 >50 >50 0.0062

ZM109.4 >50 >50 - >50 >50 - >50 >50 - 9.12 >50 KO >50 >50 >50 0.00022

Q259.d2.17 >50 >50 - >50 >50 - >50 >50 - 20.07 >50 KO >50 5.31 >50 0.0024

Q461.e2 >50 >50 - >50 >50 - >50 >50 - >50 >50 - >50 >50 >50 0.0018

CAP210.E8 0.013 0.024 1.8 0.015 0.045 2.9 0.014 0.037 2.7 0.045 0.97 21.4 0.073 0.019 0.008 0.00001

ZM53M.PB12.2 0.015 0.028 1.8 0.013 0.047 3.8 0.011 0.028 2.6 0.051 1.07 21.0 0.081 0.010 0.011 0.00001

BG505.W6M.C2 >50 >50 - 9.68 >50 KO 40.72 >50 KO 2.16 38.51 17.9 4.20 1.90 >50 0.0010

AC10.29 >50 >50 - >50 >50 - >50 >50 - 4.94 30.65 6.2 >50 >50 >50 0.25

% Breadth 33 27 47 33 40 33 80 60 47 40 33 100

Potency (μg/mL) 0.11 0.06 0.6 0.36 0.30 0.8 0.21 0.20 0.9 0.78 5.66 7.3 1.29 0.52 0.30 0.00098
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Similarly, all of the antibodies, regardless of isotype, mediated ADCT (Figure 5.5 B). Antibody 

9E IgG1 most potently activated ADCT, followed by 8F, 4G and 2G (Figure 5.5 B). However, 

4G IgG1 and 9E IgG1 were significantly better (p<0.029, paired t-test) at driving ADCT 

compared to the matched IgG4 variants (Figure 5.5 B). In contrast, 8F IgG4 exhibited slightly 

greater (p=0.010, paired t-test) ADCT than the 8F IgG1 variant (Figure 5.5 B). Furthermore, 

we observed that each of the antibodies as IgG4-mediated ADCP (Figure 5.5 C). No difference 

was observed in the ability of 9E to mediate ADCP either as IgG1 or IgG4 (p>0.65, Figure 5.5 

C). Antibodies 2G and 4G expressed as IgG4 variably mediated ADCP, however the same 

antibodies expressed as IgG1 showed no activity in this assay (Figure 5.5 C). The greatest 

ADCP was mediated by 8F IgG4. Finally, aside from 2G IgG1, none of the antibodies of either 

isotype mediated ADCD (Figure 5.5 D). Together these data suggest that Fc functions are 

impacted differently by class switching, even within members of the same antibody lineage. 

 

 

Figure 5.5. Fc effector functions mediated by new CAP256-VRC26 antibodies expressed as IgG1 and IgG4. 

The Fc-mediated effector functions were tested with BG505 SOSP.664 in (A) ADCC, (B) ADCT, (C) ADCP and (D) 

ADCD assays by flow cytometry. The IgG1 variants are shown in orange and IgG4 in blue. Plotted are the means 

and the standard deviation of the area under the curve (AUC) or complement deposition score. Significant 

differences, determined by paired t-tests, are indicated by asterisks (*p<0.05 and **p<0.01). Palivizumab was used 

as a negative control for each assay. 
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5.3.5 2G and 8F diverge by one amino acid but mediate significantly different 

Fc effector functions 

The light chains of 2G and 8F have the same sequence but the heavy chains differ by one 

amino acid (Q98 and E98, respectively) in the CDRH3 (Figure 5.1 and Figure 5.2). Although 

these two antibodies, expressed as either isotype, had similar autologous (Figure 5.3) and 

heterologous (Figure 5.4) neutralization, the effector functions differed significantly suggesting 

that the accessibility of the Fc to the FcR varied between these antibodies (Figure 5.5). 

Consequently, we modeled these changes on the structure of CAP256.25 complexed with the 

34-wk 80 virus [206] and found that neither the Q98 (2G) or E98 (8F) residues interacted with 

the antibody or the autologous trimer (Figure 5.6). In contrast, alignment of the structures of 

the BG505 SOSIP.664 (PDB: 5V8L and 4NCO) and X1193.c1 SOSIP.664 (PDB: 5FYJ) trimers 

to the 34-wk 80 V1V2 domains revealed that both 2G Q98 (Figure 5.6 top row) and 8F E98 

(Figure 5.6 bottom row) are in close proximity to these heterologous viral glycans. However, 

while the model suggested that the N156 and N160 glycans, on different protomers, may form 

up to three bonds with 2G Q98 (Figure 5.6 A, B and C), this was not true of 8F E98, due to a 

larger distance (~5 Å) between the residues (Figure 5.6 D and E). Furthermore, 8F E98 was 

situated <2 Å from a N156 terminal mannose (Figure 5.6 F), which can result in steric hindrance 

between the CDRH3 and the glycan. Therefore, the single change between 2G and 8F may 

result in a different angle of approach so that 8F can accommodate the glycan clash. This may 

account for the differences observed in Fc effector function, which is dependent upon the 

accessibility of the Fc, but not impact neutralization. 

 

 
Figure 5.6. The CDRH3 residue E98 clashes with the N156 glycan and does not interact with N160. 

The structures of the (A, D) X1193.c1 SOSIP.664 (PDB: 5FYJ) and (B, C, E and F) BG505 SOSIP.664 trimers (PDB: 

5V8L and 4NCO) were aligned with the structure of CAP256.25 in complex with the 34-wk 80 trimer [206]. The top 

panels show the CDRH3 Q98 (blue) residue of 2G, the bottom panels show E98 (green) of 8F, and the glycans are 

shown in grey. The yellow lines in A, B and C represent interactions predicted by PyMOL (v2.0.2) between the 

indicated residues.  
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 Discussion 

Broadly neutralizing antibodies (bNAbs) have an increasingly important role in HIV vaccinology, 

prophylaxis and treatment [233,325,332–337]. bNAb ontogeny studies inform vaccine design 

by providing valuable insights into the evolution of breadth [187,189,196,197,203,220–222] and 

when used for passive immunization, bNAbs prevent infection, reduce viremia and clear 

infected cells [341–350]. The efficacy of bNAbs as biotherapeutics and prophylaxes is 

dependent on both neutralization and antibody-mediated effector functions [346,348,349]. 

Therefore, understanding the relationship between the Fab and Fc, and their combined impact 

on neutralization and effector functions, will allow for the design of optimal passive 

immunization regimens. Here, we assessed the impact of sequence variation and isotype on 

four newly identified IgG4 class switched members of the CAP256-VRC26 HIV-1 V2-targetting 

bNAb lineage [204,205,223]. We found that although the IgG4 antibodies were less broad and 

potent compared to their matched IgG1 variants, they exhibited similar ADCC and ADCT. 

Notably, however, as IgG4 these antibodies generally mediated greater ADCP. In addition, we 

found that a single residue that differentiated two of the antibodies had a dramatic impact on 

effector function but not neutralization. Together, although IgG4-mediated neutralization is 

reduced compared to IgG1, these data suggest that V2-specific IgG4 antibodies maintain 

overall functionality and that ADCP may be improved.  

 

A total of twenty-five heavy chain sequences were amplified from the memory B-cells sorted 

from CAP256, but many of these were either not members of the CAP256-VRC26 family, or a 

matched light chain could not be recovered, limiting further analysis. Interestingly, in addition 

to the seven CAP256-VRC26 antibodies which have very long CDRH3s typical of this lineage, 

six of the unrelated heavy chains also had CDRH3s of ≥20 amino acids, which is a substantially 

higher frequency than others have reported [216,339,397]. Long CDRH3s arise during 

recombination through the incorporation of multiple IGHD genes [398], or as has been 

suggested for the CAP256-VRC26 lineage, by extensive N-nucleotide additions [205,399]. This 

may suggest that in individuals such as CAP256, who produce bNAbs with long CDRH3s [400], 

such antibodies may be generally enriched for, an area that will be explored in future studies. 

 

We found that the antibodies of either isotype generally mediated ADCC, ADCT and ADCP. 

However, only 2G expressed as IgG1 mediated ADCD. Although IgG4 has a weaker affinity 

for the FcγRs compared to IgG1, the IgG1 variants were only significantly better at mediating 

ADCT. Unexpectedly, three of the IgG4 antibodies mediated greater ADCP compared to the 

IgG1 versions, which has not been shown before for a V2-directed antibody. 
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Since passive immunization is being considered for the prevention of mother-to-child 

transmission [351], this study may inform passive infusion formulations since IgG4, in addition 

to IgG1, readily crosses into the placenta [114]. Furthermore, a number of clinical trials are in 

development that will evaluate the safety and pharmacokinetics of passively infused bNAbs in 

exposed infants and HIV positive children [356]. While IgG4 improves phagocytosis, which may 

be advantageous for antibody-mediated protection, neutralization is diminished. However, 

expressing broader and more potent antibodies, such as CAP256.25 as IgG4, may offset the 

reduction in neutralization.  

 

In addition, despite the high degree of sequence identity between 2G and 8F, the effector 

function profile of these antibodies differed significantly. The single change between 2G (Q98) 

and 8F (E98) was at a CDRH3 residue that was predicted to have substantially different 

interactions with glycans at N156 and/or N160. This difference in binding may result in a minor 

change in the angle of approach between these antibodies. Such a change may not impact 

neutralization but rather the accessibility of the Fc may be compromised. In combination with 

the study of off-track antibodies in chapter 3, we therefore show that slight changes in amino 

acid sequence can have a dramatic impact on both antibody neutralization and effector function. 

 

Together, we show that the IgG4 isotype has a similar impact on heterologous and autologous 

neutralization, and that IgG4 antibodies mediate greater ADCP than matched IgG1 variants. 

Since little is known about V2-specific IgG4 class switched antibodies, our observations may 

be unique to CAP256-VRC26-like antibodies. Nevertheless, these data can inform the design 

of antibodies engineered for passive immunization since effector functions are critical to the 

efficacy of such interventions.  
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6. General discussion and conclusion 
 

While ART significantly reduces the morbidity and mortality associated with HIV/AIDS, there 

are more than a million new infections each year [8]. Both in response to vaccination and during 

infection, the humoral response to HIV is strain-specific and does not protect against infection 

or impact disease progression, respectively [152–156]. However, 20-30% of infected 

individuals develop broadly neutralizing antibodies (bNAbs) that neutralize unrelated strains of 

HIV [152,153,158–161] and protect animals from HIV/SHIV infection [341–350]. Consequently, 

understanding bNAb ontogeny is critically important [164,215,218]. Here we extend several 

previous studies on the 33 member CAP256-VRC26 bNAb lineage [204,205,223] to address 

the genetic determinants of breadth. We found that very few mutations differentiate bNAbs 

from closely related strain-specific “off-track” relatives, and that these are selected by viral 

variants with features distinct from circulating viruses. These data suggest that immunogens 

that represent commonly circulating variants can elicit breadth and minimize strain-specificity. 

In addition, we demonstrated that only approximately half of the mutations in the broadest 

lineage member, CAP256.25, were necessary for breadth, suggesting that immunogens 

targeting key sites can efficiently drive the development of breadth. Furthermore, we show that 

antigen binding and isotype impacts neutralization and effector function, highlighting the 

importance of isotype for bNAbs utilized in passive immunization. Together, our data show that 

few mutations within antibodies can have dramatic effects on neutralization breadth, potency 

and effector functions. 

 

Ontogeny studies have illuminated the diverse pathways of antibody/virus co-evolution that 

result in breadth [164,214,216,217]. We show that multiple pathways can lead to the 

development of off-track antibodies and confirm that extensive somatic hypermutation is not 

sufficient for breadth. By producing chimeras between two closely related bNAb/off-track pairs 

in the CAP256-VRC26 lineage, we demonstrated that the CDRH3 is the major determinant of 

neutralization breadth. In one pair, we found that mutating three residues in the CDRH3 of the 

off-track antibody, CAP256.20, to match the sequence of a close bNAb relative, CAP256.27, 

introduced bNAb-like breadth and potency. In another pair, the neutralization of the off-track 

antibody CAP256.04 was dramatically improved by mutating one CDRH3 residue (R100rA) to 

match that of the CAP256.25 bNAb relative. Notably, the transfer of the entire CAP256.25 

CDRH3 introduced less neutralization than R100rA alone. In addition, introducing the 

CAP256.25 CDRH1 or CDRH2 into CAP256.04 R100rA reduced breadth. Together, this 

indicates that there is substantial mutational “noise” that has a deleterious impact on 

neutralization and that few mutations differentiate a bNAb from an off-track antibody. 
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We also investigated which viral variants contributed to the evolution of the off-track antibody 

CAP256.20. The K169 viral immunotype variant is the most common in global viruses but was 

a minority variant during most time points in CAP256. In contrast, Q169 was the predominant 

immunotype in CAP256 and viruses with this sequence were generally sensitive to CAP256.20. 

While broader lineage members tolerated variation at position 169, we show with mutagenesis 

experiments that CAP256.20 was generally reliant on 169Q. Therefore, the off-track phenotype 

was a consequence of evolution toward a globally rare immunotype, suggesting that vaccine 

immunogens should include highly conserved epitopes. 

 

The probability that a non-synonymous mutation may occur is influenced by both the position 

of the codon (in an AID hot- or cold-spot) and the number of changes necessary for the change 

[125,127,128]. Furthermore, bNAbs typically have more improbable mutations than would be 

expected by chance [380,384–386]. We found that the CDRH3 of bNAbs CAP256.25 and 

CAP256.27 harbored most of the improbable mutations. This is in concordance with the 

observation from our experiments with the off-track antibodies and the CAP256.UCA, that the 

CDRH3 has a primary role in modulating the neutralization of these antibodies. Furthermore, 

we found that the mutations that confer the off-track phenotype to CAP256.04 and CAP256.20 

were relatively more probable occurrences. This result highlights the challenge of eliciting 

bNAbs, since the evolution of off-track mutations are more common events, and in the case of 

CAP256.04, substantially more likely to occur than the breadth-conferring mutations of 

CAP256.25. While many of the mutations in the CAP256.25 CDRH2 and CDRH3 were 

improbable events, we established that approximately half of these mutations were sufficient 

for breadth, and greater potency compared to nearly 100 unrelated bNAbs. This is consistent 

with studies with minimally mutated versions of the bNAbs BF520.1 [221,222], VRC01 [230] 

and 10E8 [230], but has not been demonstrated for a V2-specific bNAb.  

 

Neutralization by CAP256.UCA plateaued at <100% and this observation is typically the 

consequence of glycovariation in the viral population [362]. However, as few as two mutations 

in the CAP256.UCA CDRH3, which introduced a disulfide bond, improved the autologous 

neutralization potency of the CAP256.UCA and led to the neutralization of 100% of susceptible 

viruses at excess concentrations of antibody. Structural studies and models suggest that a 

disulfide bond would stabilize the extremely long CDRH3 [205,206] which may increase the 

capacity of the antibody to tolerate glycovariation.  
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In addition to the importance of the CDRH3s, we established for the first time that the light 

chain had an impact on autologous neutralization potency and on both the breadth and potency 

of heterologous neutralization for CAP256.25. Furthermore, we provide evidence that the 

CDRL2 forms part of the paratope of CAP256.25, confirming a previous structural study of this 

antibody [206]. Overall, although the FR had the smallest impact on neutralization, we also 

showed that these regions contribute to autologous neutralization potency but not breadth. A 

similar observation was made with 10E8 and VRC01 FR-revertants [230], where potency was 

reduced but breadth remained unchanged. Together, this implies that an immunogen/s that 

drives affinity maturation in the CDRHs, particularly in the CDRH3 and the light chain of 

CAP256.UCA-like-precursors may be able to efficiently elicit breadth. 

 

Lastly, we assessed the impact of sequence variation and isotype on the neutralization and 

effector functions of four newly identified members of the CAP256-VRC26 lineage that were 

naturally IgG4 class switched. Overall, the breadth of the IgG4 variants was reduced compared 

to the matched IgG1 versions. This may be due to the slightly shorter hinge region of IgG4 

compared to that of IgG1, which has been shown to impact neutralization [114]. However, as 

either isotype, these antibodies activated both ADCC and ADCT. In addition, although IgG4 

has a weaker affinity for the FcγR compared to IgG1 and has an inhibitory effect on effector 

function [114], we found that three of the four antibodies as IgG4 mediated greater ADCP than 

their IgG1 counterparts. These data may have implications for passive immunization since 

IgG4 is transferred across the placenta [114] and effector functions are critical to the success 

of passive immunization. Furthermore, we found that a single residue change had a dramatic 

impact on effector function suggesting that Fab-Fc pairing may be optimized for maximum 

effector polyfunctionality.  

 

Together, our data show that minor sequence variation differentiates a bNAb from a strain-

specific off-track relative, few mutations are sufficient to introduce breadth into a V2-targetting 

UCA and that the Fab changes impacts Fc functionality. These data demonstrate that 

extensive somatic hypermutation is not necessary for breadth and suggest that targeting 

affinity maturation to key sites can rapidly introduce breadth. 
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Abstract

Previously we have described the V2-directed CAP256-VRC26 lineage that includes  

broadly neutralizing antibodies (bNAbs) that neutralize globally diverse strains of HIV. We  

also identified highlymutated “off-track” lineagemembers that share highsequence identity  

to broad members but lack breadth.Here, we defined themutations that limit the breadth of  

theseantibodiesand the probabilityof their emergence. Mutantsand chimerasbetween

two  pairs of closely related antibodies were generated: CAP256.04 and CAP256.25 (30% 

and  63% breadth, respectively) and CAP256.20 and CAP256.27 (2% and 59% breadth). 

Anti- bodies were tested against 14 heterologous HIV-1 viruses and select mutants to 

assess  breadth and epitope specificity. A single R100rA mutation in the third heavy chain 

comple- mentarity-determining region (CDRH3) introduced breadth into CAP256.04, but 

all three  CAP256.25 heavychainCDRs were required for potency. Incontrast, in the

CAP256.20/27  chimeras,replacing only theCDRH3 of CAP256.20with thatof CAP256.27

completely reca- pitulated breadth and potency, likely throughthe introductionof three

charge-reducing muta- tions. In this individual, themutations that limited the breadthof the

off-track antibodies were  predicted to occur with a higher probability than those in the 

naturally paired bNAbs, sug- gesting a low barrier to the evolution of the off-track 

phenotype. Mapping studies to deter- mine the viral immunotypes (or epitope variants) 

that selected off-track antibodies indicated  that unlike broader lineage members, 

CAP256.20 preferentially neutralized viruses contain- ing 169Q. This suggests that this 

globally rare immunotype, which was common in donor  CAP256, drovethe off-track

phenotype.Thesedata show thataffinity maturationto counter  globally rare viral 

immunotypes can drive antibodies within a broad lineage along multiple  pathways 

towards strain-specificity. Defining developmental pathways towards and away
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frombreadthmay facilitate theselection of immunogens that elicit bNAbsand minimizeoff-

trackantibodies.

Authorsummary

Broadly neutralizing antibodies (bNAbs) develop in some HIV infected individuals, partly  

due to their complex evolutionary pathways that are characterized by extensive somatic  

hypermutation (SHM). Furthermore, bNAbs within a lineage may form a minor subset,  

amidst many strain-specific “siblings”, indicating that minor sequence differences  

between lineage members can significantly affect neutralization. Here, we define muta-

tions that limit breadth in two “off-track” members of the CAP256-VRC26 bNAb lineage,  

and show that these occur with relatively high probability. A dominant autologous virus  

with a globally rare V2 sequence appears to have selected for an off-track antibody, pro-

viding a mechanism for the development of this antibody during infection. These data  

highlight the complex interdependencies between high levels of SHM and breadth, as  

mutations that neutralize autologous viruses may limit heterologous breadth. Conse-

quently, strategies to increase SHM by repeated vaccinations will require careful antigen  

selection to focus the humoral response to globally common epitopes, limiting off-track  

responses.

Introduction

Antiretroviral therapy has transformed HIV from a progressive fatal infection to a manageable  

chronic disease [1]. However, a preventative vaccine is urgently needed as drug resistance,  

access to medication and adverse side effects hamper the utility of antiretroviral drugs. Despite  

intensive research, strategies to induce protective immune responses by vaccination have  

achieved little success [2]. While neutralizing antibodies are elicited during HIV infection, the  

response is typically strain-specific. However, ~20% of individuals develop broadly neutraliz-

ing antibodies (bNAbs) which potently neutralize diverse global viruses in vitro and protect  

non-human primates from infection [3–8]. Therefore, understanding the mechanisms behind  

the elicitation and evolution of bNAbs is central to the development of an HIV vaccine.

During infection, the humoral response targets the HIV envelope (Env) glycoprotein which  

consists of three heavily glycosylated non-covalently linked gp41-gp120 protomers. While  

strain-specific antibodies recognize exposed and variable sites, bNAbs target relatively con-

served and occluded sites, including the membrane proximal external region (MPER),

gp120-gp41 interface, CD4-binding site (CD4bs), N332 supersite and a quaternary V1V2 epi-

tope at the trimer apex [9]. Many V1V2 directed bNAbs have atypically long (>24 amino

acids) third complementarity determining regions of the heavy chain (CDRH3) which pro-

vides access to glycan shielded and buried epitopes [10–14]. Additionally, bNAbs frequently  

exhibit unusually extensive somatic hypermutation (SHM), which suggests multiple rounds of  

affinity maturation. Understanding how these unusual features arise is critical to recapitulating  

this process byvaccination.

The degree to which SHM and affinity maturation occurs is influenced by HIV diversity  

and antigen load [15]. A number of longitudinal studies describing the “arms race” between

viral quasispecies and bNAb lineages have provided insights into the evolution of breadth [16].  

These studies have identified bNAb-initiating Envs that engage antibody precursors aswell as
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emerging viral variants, which select bNAb intermediates [12,17–23]. We haveextensively

studied virus/antibody co-evolution in the superinfected CAP256 donor from whom 33 mem-

bers of the CAP256-VRC26 V2-targetting bNAb lineage were isolated [11,12,22]. The evolu-

tion of this lineage was elucidated through analysis of longitudinal viral and antibody deep  

sequences from 59–206 weeks post infection [11,12,22]. Viruses from six weeks post infection  

are sensitive to neutralization by CAP256 lineage members but by 59 weeks post infection  

most viruses are resistant. Similar to other V2-directed bNAbs, the CAP256-VRC26 lineage  

members have very long (35–37 amino acid, aa) anionic and tyrosine-sulfated CDRH3s that  

recognize the electropositive V2 apex [24]. Modelling and mapping studies show that several  

residues within the CDRH3 are critical for epitope recognition, including the tyrosine sulfated  

YYD motif at the apex of the CDRH3 [24]. This motif is present in the unmutated common  

ancestor (UCA) of the CAP256-VRC26 lineage, 27 of the 33 lineage members as well as other  

V2-directed bNAbs such as PG9/PG16 [10,11]. In addition, the CDRH1 has been shown to  

stabilize the CDRH3, and residues in CDRH2 have been implicated in glycan recognition  

[25,26]. Within strands B and C of the viral Env protein, the CAP256-VRC26 lineage’s foot-

print includes residues N160, R166, D167, K168 and K169 and is similar to other V2 glycan  

bNAbs (PG9/PG16). The breadth, potency and extent of SHM of CAP256-VRC26 lineage  

members ranges from 2–63%, 0.003–5 μg/mL and4.2–18%, respectively [11].

SHM, which is mediated by activation-induced cytidine deaminase (AID), is essential for  

breadth as bNAb germline revertants generally lack substantial binding and neutralization  

[10,27–30]. Mutations that are selected during affinity maturation may increase antibody-anti-

gen affinity directly at the paratope or indirectly by improving stability [31,32]. SHM is a semi-

random process as AID hot-spots (WRCH/Y, W = A/T, R = A/G and H = A/C/T) and cold-

spots (SYC, S = C/G and Y = C/T) are distributed throughout the antibody variable regions.

Consequently, mutations associated with breadth are unlikely to occur if they are in cold-spots  

and/or require more than one nucleotide change [33,34]. Additionally, neutral mutations can  

accumulate via co-selection and constitutive background mutational noise [32]. Although  

increased SHM is generally associated with neutralization breadth, exceptions exist within the  

CAP256-VRC26 and other bNAb lineages. We have previously described these non-broad but  

highly mutated CAP256 antibodies as “off-track” [22]. Such off-track antibodies have been  

recovered from bNAb lineages in several individuals. 1AZCETI5 is a clonal member of the  

CD4bs CH103 bNAb lineage, and shares VDJ genes, CDRH3 length and extent of SHM with  

bNAb CH103, but the former only neutralizes autologous viruses [18]. The PGDM1400  

bNAb, a member of the V2 glycan targeting PGDM lineage with 83% breadth has similar  

genetic properties to PGDM1406, but the latter exhibits limited breadth (6%) [35]. Similarly,  

within the PGT121 N332 targeting bNAb lineage are two heavy chains (HC) (22H and 6H)  

that are related to broad members but exhibit no neutralization [36]. As monoclonal antibody  

isolation methodologies are designed to recover bNAbs, the proportion of off-track antibodies  

in bNAb lineages is unknown. However, the finding that 40% of related antibodies recovered  

by flow cytometry from the donor of the CD4bs bNAb, VRC-PG04, were off-track, indicates  

that such antibodies may be common [37].

Collectively, studies into co-evolution and bNAb targets have identified candidate antigens  

to initiate antibody lineages and guide the development of breadth. Indeed, native-like Env tri-

mers administered in combination or sequentially elicits tier 2 neutralizing antibodies in mice  

and rabbits, providing a strong rationale to test similar immunogens in people [38–42]. Impor-

tantly, the mutations crucial for breadth and potency as well as those that confer an off-track  

phenotype in bNAb lineages are largely unknown. Identification of these mutations will  

inform the design of vaccine antigens that elicit breadth but dampen the evolution of off-track  

responses. The high degree of sequence identity between CAP256-VRC26 bNAbs and their
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off-track relatives, the richly populated lineage and the availability of contemporaneous viral

sequences is an ideal opportunity to compare off-track antibodies with bNAbs to determine

why these antibodies lack breadth.

Here we define key residues that restrict neutralization breadth and potency in two off-

track antibodies within the CAP256-VRC26 lineage. We found that in one off-track/bNAb

pair, residues in each of the three CDRHs were necessary for potency and that a key breadth-

conferring mutation in the CDRH3 was highly improbable. In the second pair, we show that  

the CDRH3 was completely responsible for modulating neutralization and that the mutations  

leading to the off-track phenotype were relatively probable. Lastly, through epitope mapping  

we identified viruses that guided the evolution of an off-track antibody toward a globally rare  

immunotype. This study highlights the stochastic nature of SHM and shows that breadth-

restricting mutations typically arise with a greater probability than breadth-conferring muta-

tions. This work provides insights into the evolution of breadth and mature strain-specificity,  

informing the design of immunogens that minimize the elicitation of off-track mutations  

while guiding evolution to globally conserved sites.

Results

Neutralization breadth is mediated by the CAP256-VRC26 antibodyheavy  

chain

To determine the genetic determinants that controlled the off-track phenotype, we selected  

two bNAbs with high sequence identity to two off-track antibodies. Off-track antibodies were  

defined as having low neutralization breadth despite their capacity to neutralize early autolo-

gous viruses [12], extensive sequence maturation and identity to related bNAb lineage mem-

bers. The CAP256.25 bNAb was paired with the off-track antibody CAP256.04 and bNAb  

CAP256.27 was paired with the off-track antibody, CAP256.20. The two pairs of antibodies  

cluster together on a maximum likelihood tree (Fig 1A), consistent with our previous observa-

tions that antibodies with considerably different breadth may differ by relatively few amino  

acids [22]. The HC and light chain (LC) of CAP256.04 (30% breadth, 0.27 μg/mL potency, 9%  

SHM) both share 92% sequence identity with the HC and LC of bNAb CAP256.25 (63%  

breadth, 0.003 μg/mL potency, 12% SHM) (Fig 1A). Within the second pair, the HC and LC of  

CAP256.20 (2% breadth, 1.87 μg/mL potency, 16% SHM) shares 93% and 96% sequence iden-

tity with the CAP256.27 HC and LC (59% breadth, 0.047 μg/mL potency, 16% SHM), respec-

tively (Fig 1A). A total of eighteen amino acids differ between the HC and 11 amino acids  

between the LC of CAP256.04 (orange) and CAP256.25 (brown) which are displayed as yellow  

spheres in an alignment of the two antibodies (Fig 1B). Seventeen amino acids (yellow spheres)  

differentiate the HCs and four the LCs of CAP256.27 (purple) and CAP256.20 (light purple)  

(Fig 1B).

As neutralization by members of the CAP256 bNAb lineage has been largely attributed to

the HC [12], we first confirmed that the LC was not responsible for the off-track phenotype of  

CAP256.04 and CAP256.20. We generated chimeras between the HC and LC of each off-

track/bNAb pair (25HC+04LC, 04HC+25LC and 27HC+20LC, 20HC+27LC) andtested their  

neutralization against both CAP256 infecting viruses (the primary andsuperinfecting viruses)  

and 14 heterologous viruses. The titers did not differ significantly (Wilcoxon signed rank test)  

between the chimeric antibodies and the natural antibody from which the HC was donated  

(Fig 1C). These data indicate that the LC has no impact on the neutralization breadth within  

these pairs, consistent with structural analyses showing no light chain contacts with the viral  

epitope [26], and we therefore focused on the HC in subsequent studies.
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Fig 1. The HC mediates the off-trackphenotype. (A) Maximum likelihood phylogenetic tree, rooted on the CAP256.UCA, with 33 clonally related VH sequences  

of monoclonal antibodies isolated from donor CAP256. Highlighted are CAP256.04 (orange), CAP256.25 (brown), CAP256.20 (light purple) and CAP256.27  

(purple). Neutralization breadth, potency, VH SHM (related to CAP256.UCA)and the number of amino acids that differ between the CDR and FR of eachpair are  

tabulated below. Breadth and potency (mean IC50) was calculated from a panel of 46 heterologous viruses [11]. (B, left) The amino acid sequence of CAP256.04

Introducing breadth into off-track
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(orange) was fitted to a structure of CAP256.25 and CAP256 34-week trimer in Swiss-PdbViewer (v4.1.0), aligned in PyMOL (v2.0.2) and displayed as cartoons. (B,  

right) The amino acid sequencesof CAP256.27 (purple) and CAP256.20 (light purple) were fitted to CAP256.25 in Swiss-PdbViewer (v4.1.0) and aligned in PyMOL  

(v2.0.2). The amino acids that differ between each bNAb and matched off-track antibody are represented as yellow spheres. (C) The LCs were exchanged between  

each bNAb/off-trackpair and neutralization (IC50, μg/mL) was tested against (n = 16) pseudoviruses.

https://doi.org/10.1371/journal.ppat.1008005.g001

Introduction of potency into CAP256.04 requires a combination of the  

CAP256.25CDRHs

To determine which regions of the HC restrict the breadth of CAP256.04, we constructed several  

chimeras and point mutants between CAP256.25 and CAP256.04, focusing initially on the  

CDRHs. The sequence variation between the CDRHs is shown in Fig 2A and includes charge  

and hydrophobicity differences between the two antibodies (R28S, D30N, G31R, H53Y, K57D,  

A100rR and N100ddF) and an insertion (G100w) in CAP256.25 that is absent from CAP256.04  

(Fig 1B). We first transplanted all the CAP256.25 CDRHs (12 amino acid changes in total) into  

CAP256.04, creating CAP256.0425H123 (Fig 2B). Antibodies were tested against a panel of 16  

viruses that were sensitive to CAP256.25 (geometric mean potency of 0.002 μg/mL against this  

panel), of which 8 were neutralized by CAP256.04 (with a 230-fold lower geometric mean  

potency of 0.17 μg/mL) (Fig 2B). The neutralization breadth and potency of the CAP256.0425H123  

chimera (which neutralized all 16 viruses with a geometric mean potency of 0.008 μg/mL)  

matched that of CAP256.25 (0.002 μg/mL) (Fig 2B). In the reverse experiment, introducing the  

framework (FR) regions from CAP256.25 into CAP256.04 (CAP256.0425FR123) had no effect on  

breadth (Fig 2B). These data suggest that the mutations in the CDRs, rather than the FW regions  

restrict the breadthof CAP256.04.

To dissect the role of individual CDRHs, each was individually swapped between the two

parental antibodies. CAP256.0425H1 neutralized two additional viruses (ZM214 and ZM249)  

that were resistant to CAP256.04 (Fig 2B). In addition, we observed virus-specific increases in  

potency for some sensitive viruses (with a 6-18-fold improvement for Du156, Q259, and  

Du422 and a 250-fold increase in potency for CAP45). In contrast, CAP256.0425H2neutralized  

the same number of viruses as CAP256.04 (Fig 2B), though again slight virus-specific differ-

ences in potency were observed, with CAP45 becoming resistant to CAP256.0425H2 while PVO  

gained sensitivity (Fig 2B). The largest effect of a single CDRH swap was observed for the  

CDRH3 which differed by six amino acids. CAP256.0425H3 neutralized six additional viruses  

(ZM109, PVO, ZM214, ZM249, Q461 and Q842) (Fig 2B) although with similar potency to  

CAP256.04 (0.39 μg/mL and 0.17 μg/mL, respectively). This was confirmed in the reverse  

experiment, where the CAP256.04 CDRH3 was introduced into CAP256.25 (CAP256.2504H3)  

resulting in reduced breadth (Fig 2B). Overall, these data suggest that the breadth of the  

CAP256.04 off-track phenotype is modulated by the CDRH3, but potency is attenuated by a  

combination of all three CDRHs.

Introduction of breadth into CAP256.04 requires a single improbable  

CDRH3 mutation

As the CAP256.25 CDRH3 conferred additional breadth into CAP256.04, we assessed which  

residue(s) were responsible for this effect (Fig 2A). Mutating CDRH3 residues that altered the  

charge (K102N) or aromaticity (F100ddA) of the CDRH3 failed to improve the neutralization  

of CAP256.04 (S1 Fig). In contrast, the R100rA mutation, which removed a positive charge  

from the CDRH3, improved the breadth of CAP256.04 from 50% to 94% of this panel, with  

seven viruses resistant to CAP256.04 becoming sensitive to CAP256.04 R100rA (Fig2B). Inter-

estingly, this single mutation recapitulated the breadth introduced into CAP256.04 by the  

entire CAP256.25 CDHR3. The reverse mutant, CAP256.25 A100rR similarly resulted in a
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Fig 2. One mutation is required to introduce breadth into CAP256.04 while mutations in CDRH1, CDRH2 and CDRH3 are required for potency. (A) Comparison  

of the CDR sequences, including the length and charge of the CDRH3 of CAP256.04 (orange) and CAP256.25 (brown). The blue boxeshighlights key off-track mutations.

(B) Neutralization data using mutants and chimeras (indicated schematically above the table) between CAP256.25 and CAP256.04, with neutralization potency shown by  

color, as indicated in the key. Neutralization data represents the arithmetic mean titers (IC50, μg/mL) from at least two experiments.

https://doi.org/10.1371/journal.ppat.1008005.g002

substantial loss of breadth (S1 Fig). The combination of R100rA with theCAP256.25 CDRH1  

did not confer additional breadth beyond that introduced by R100rA (Fig 2B) and, surpris-

ingly, the addition of the CDRH2 to either CAP256.04 R100rA or CAP256.0425H1 R100rA  

reduced the breadth of these antibodies (Fig 2B).

To model the interactions between V1V2 and CAP256.04 or CAP256.25, we fitted the  

sequence of CAP256.04 to the crystal structure of CAP256.25 in complex with the CAP256-34  

week trimer which shares key contact residues for the CAP256-VRC26 lineage, including  

N160, R166, D167, K168 and K169 with CAP256.15-wk SU (Fig 3A), and which likely trig-

gered the lineage [22]. The model showed that the N130 glycan projects from the trimer and is
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Fig 3. The structural effect and probabilities of the CAP256.04 off-track mutations S28, N30 and R100r. (A) The  

amino acid sequence of CAP256.04 (orange) was fitted to a model of CAP256.25 (brown) and the V1V2 of trimeric  

CAP256 34-week Env (grey, [26]) in Swiss-PdbViewer (v4.1.0) and visualized in PyMOL (v2.0.2). The top inset shows  

the CAP256.25 CDRH1 D30 (brown) residue and a hydrogen bond between CAP256.25 CDRH1 residue R28 (brown),  

and the glycanat N130. The bottom inset displays CAP256.04 R100r (orange) in proximity to V2 K168. Symbols + and -

denote positive and negative charge, respectively. (B) The germline (T28, S30 and Q100r) and mature amino acid  

sequences (CAP256.25 T28R, S30D and Q100rA, and CAP256.04 T28S, S30N and Q100rR) at codons 28, 30 and

100r are displayed with the nucleotide sequence of each codon. Blue and red text indicates AID cold-and hotspots,  

respectively. Green text refers to mutations and yellow to pink shading indicates low and high probability mutations,  

respectively. The mutability scoresare shown below eachnucleotide.

https://doi.org/10.1371/journal.ppat.1008005.g003

situated proximal to the CDRH1. The CAP256.25 R28 residue was predicted to hydrogen  

bond with the N130 glycan while CAP256.04 S28 was not predicted to interact with this gly-

can. Surprisingly, the introduction of S28Rto CAP256.04 R100rA and CAP256.0425H3 (S1 Fig)  

decreased the breadth of these antibodies by five and four viruses, respectively, although the
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potency remained unchanged. Together with R100rA, the combination of S28Rand N30D

increased the breadth compared to S28R alone, but two viruses (PVO.04 and AC10.29)  

remained resistant to neutralization (S1 Fig). The conformation of the CDRH3 is partly sup-

ported by the intermolecular interactions between this loop and the CDRH1 and CDRH2  

[25,26]. Consequently, the interaction between R28 and the CDRH3 may shift the CDRH1  

toward the N130 glycan, which may be countered by the N30 residue (Fig 3A, top panel). Fur-

thermore, the model showed that 100r was positioned in close proximity to the viral residue  

K168, and that K168 was hydrogen bonded to the CDRH3 residue E100c (Fig 3A, bottom  

panel). Therefore, due to electrostatic repulsion, R100r likely displaces K168, disrupting the  

interaction between K168 and E100c. In contrast, CAP256.25 has a small, uncharged Ala at  

position 100r which would not obstruct the adjacent bond. This suggests that an R100rA muta-

tion may reduce electrostatic repulsion and therefore increase antigen affinity, providing a  

mechanism for the enhanced breadth associated with this mutation.

To estimate the probability of the occurrence of mutations prior to selection that are associ-

ated with the off-track phenotype, we utilized the ARMADiLLO software [34]. We first  

assessed the probability of the CDRH1 T28 residue (found in the CAP256.UCA) mutating to  

either 28R (as in CAP256.25) or 28S (in CAP256.04, Fig 2A). We found that the CAP256.25  

T28R mutation was improbable (0.41%), requiring two base changes (ACC to AGG), whereas  

T28S (in CAP256.04) was ten times more probable (5.1%), requiring only one change (ACC to  

TCC, Fig 3B). Similarly, two base changes were necessary for the improbable (1.1%) mutation  

S30D (in CAP256.25), whereas S30N (in CAP256.04) was a probable (14.7%) event as it  

occurred in an AID hot-spot. The combination of T28R and S30D (in CAP256.25), which was  

necessary for neutralization when transplanted into CAP256.04, was a highly improbable  

event (0.004%, Fig 3B). Furthermore, the CDRH3 Q100rA mutation, that confers breadth to  

CAP256.25, was predicted to occur very rarely with a 0.019% probability, requiring two base  

changes (CAA to GCA), one of which was in an AID cold-spot (Fig 3B). In contrast, we found  

that Q100rR that results in the off-track phenotype was predicted to occur with a much higher  

probability of 4.7%, requiring only a single nucleotide change that was not located within an  

AID cold-spot (Fig 3B). Furthermore, the improbability of the evolution of T28R, N30D and  

Q100rA was reflected in next-generation sequences of the CAP256 lineage [22,43], where  

T28R, S30D and Q100rA together accounted for <2% of the sequences. Altogether, this sug-

gests that a single relatively probable mutation in the CDRH3 primarily limits the neutraliza-

tion breadth ofCAP256.04.

The CDRH3 alone modulates neutralization breadth and potency of the  

off-track antibody CAP256.20

Next, we sought to determine which sites were responsible for the off-track phenotype of  

CAP256.20 compared to the related bNAb, CAP256.27 (Fig 4A). Of the 6 amino acids that  

distinguish these CDRH3s,several were charge changes, with an overall CDRH3 charge of -7  

and -3 in CAP256.27 and CAP256.20, respectively. First, we transplanted the CDRH3 from  

CAP256.27 into CAP256.20 (CAP256.2027H3) and tested this chimera for neutralization  

breadth. In contrast to the CAP256.04/.25 pair, transfer of only the CAP256.27 CDRH3 into  

CAP256.20 introduced both bNAb-like breadth and potency into the off-track antibody,  

increasing breadth from 1/16 to 14/16 viruses and potency from 2.92 to 0.05 μg/mL (Fig 4B).  

In the reverse experiment, replacing the CDRH3 of CAP256.27 with that of CAP256.20  

(CAP256.2720H3) almost completely abrogated neutralization (Fig 4B).

To determine which of the six residues within the CDRH3 of 256.20 limited breadth, we  

focused on three residues which altered the electronegativity of the loop, R100d, H100jand
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Fig 4. The CDRH3 alone restricts the neutralization breadth and potency of CAP256.20. (A) Comparison of the CDR sequences of CAP256.20 (light purple) and  

CAP256.27 (purple). The blue box highlights key off-track mutations. (B) Neutralization data using mutants and chimeras (indicated schematically above the table)  

between CAP256.27 and CAP256.20, with neutralization potency shown by color, as indicated in the key. Neutralization data represents the arithmetic mean titers (IC50,  

μg/mL) from at least two experiments.

https://doi.org/10.1371/journal.ppat.1008005.g004

V100n (Fig 4A), and mutated these sites alone and in combination. The V100nE mutation,  

which slightly decreased the charge of the CDRH3 only marginally improved neutralization  

breadth by one additional virus (the autologous superinfecting virus,CAP256.15-wk SU) (Fig 

4B). R100dW also decreased the charge and increased breadth by an additional three viruses  

(CAP256.15-wk SU, CAP210 and ZM197). Similarly, introduction of an H100jD mutation
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conferred neutralization of the same three additional viruses but with greater potency than  

R100dW (geometric mean potency of 0.04 compared to 0.33 μg/mL, respectively). The combi-

nation of R100dW and H100jD increased potency and breadth to a total of 12/16 viruses,  

while V100nE, R100dW and H100jD together introduced the same bNAb-like broad neutrali-

zation and potency as the entire CDRH3 transplant (Fig 4B). In the reverse experiment, mutat-

ing positions 100d, 100j and 100n in the CDRH3 of CAP256.27 to match the sequence of  

CAP256.20 knocked out neutralization against previously sensitive viruses (S2 Fig). Therefore,  

of the 17 residues that differentiate the HC of CAP256.27 and CAP256.20 only three amino  

acids, all within the CDRH3, are responsible for limiting the breadth of CAP256.20.

Comparison of the probabilities of the breadth-conferring and restricting mutations  

between CAP256.27 and the CAP256.UCA showed that the G100nEbNAb mutation was

improbable (0.89%), since two base changes were required (Fig 5A). In contrast, the W100dR,  

D100jH and G100nVmutations that took CAP256.20 off-track are highly probable (10%, 14%  

and 3%, respectively), as only single base changes were necessary, with the H100j mutation in  

an AID hot-spot (Fig 5A). The probability of retaining all three mutations that confer breadth  

(W100d, D100j and G100n) in the absence of selection is 0.33%. Overall, the relatively higher  

probability of these mutations which restrict breadth highlights the potential ease with which  

members of bNAb lineages may mature along undesirable pathways.

To explore the basis of these results, we fitted the amino acid sequences of CAP256.20 and  

CAP256.27 HCs to the crystal structure of CAP256.25 HC in Swiss-PdbViewer (v4.1.0), and  

then aligned this to a CAP256-34 week trimer structure (Fig 5B, [26]). The YYD motif of  

CAP256.27 was predicted to hydrogen bond with two K166 residues on two protomers and  

R166 and K169 on the remaining protomer (Fig 5B, top left). The mutations in CAP256.20  

likely disrupt these interactions by placing a positive charge (H100j) proximal to K169 and  

possibly preventing sulfation of the preceding Tyr [44], which would knock out contacts with  

K166 (Fig 5B, top right).

Furthermore, the hydrogen bond between E100n, present in CAP256.27, and the N160 gly-

can was disrupted by the CAP256.20 V100n substitution (Fig 5B, bottom left). In addition, the

CAP256.20 R100d mutation, places a positive charge next to K169 resulting in electrostatic  

repulsion (Fig 5B, bottom right) and possibly preventing the backbone interactions between  

these residues. Therefore, key interactions between the highly electronegative CDRH3 of  

CAP256.27 (-7) and the electropositive V2 epitope are abrogated by the more electropositive  

CDRH3 of CAP256.20 (-3), resulting in the off-track phenotype.

CAP256.20 was dependent on a globally rare Q169immunotype

We were interested in determining which viral immunotypes (or epitope amino acid variants)  

drove CAP256.20 away from breadth. The K169 immunotype, which forms part of the  

CAP256 epitope, is fairly conserved within subtype C viruses (65.9%) (www.hiv.lanl.gov) (Fig 

6A) [12]. In contrast, the 169Q immunotype is present in only 6.5% of subtype C viruses (Fig 

6A) but dominated the viral population in donor CAP256 across 21 of 28 time points from six  

to 206 weeks post infection (Fig 6B and S3A Fig). We hypothesized that this globally rare  

immunotype, which predominated in CAP256, contributed to the evolution of CAP256.20.

Introduction of 169Q mutations into eleven heterologous viruses slightly improved the neu-

tralization of four viruses by CAP256.20 (S3B Fig), suggesting a preference of CAP256.20 for  

169Q, though other viral determinants clearly contribute to neutralization sensitivity/  

resistance.

As autologous viruses, rather than heterologous viruses, select mutations during SHM, we  

determined the sensitivity of autologous viruses containing either a 169Q or 169K
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Fig 5. The probability and structural effect of the CAP256.20 off-track mutations W100dR, D100jH and G100nV. (A) The germline (W100d, D100j and  

G100n) and mature nucleotide and amino acid sequences (CAP256.27 W100d, D100j and G100nE and CAP256.20 W100dR, D100jH and G100nV) at codons  

100d, 100j and 100n are displayed. Blue and red text indicate AID cold- and hot-spots, respectively. Green text refers to mutations, and yellow to pink shading  

indicates low and high probability mutations, respectively. The mutability scores are below each nucleotide. (B) The sequence of CAP256.20 (light purple) and  

CAP256.27 (purple) were fitted to a structure of CAP256.25 and trimeric CAP256 34-week Env [26] in Swiss-PdbViewer (v4.1.0) and aligned and visualized in  

PyMOL (v2.0.2). The top panels shows the interaction between the CDRH3 YYD motif (purple/light purple) and the V2 epitope (grey). The bottom panel  

displays the CAP256.27 residues W100d and E100n (purple) and CAP256.20 R100d and V100n (light purple) in proximity to K169, + and—denotespositive and  

negative charge,respectively.

https://doi.org/10.1371/journal.ppat.1008005.g005

immunotype to neutralization by CAP256.20 and CAP256.27. We identified two viruses that  

naturally contained a 169Q (CAP256.42-wk 5 and CAP256.48-wk 10), and were sensitive to  

CAP256.20 and CAP256.2720H3. Introduction of Q169K mutations into these viruses knocked  

out neutralization by these antibodies, and their matched CDRH3 chimeras (Fig 6C). In the  

reverse experiment, introduction of a 169Q into three autologous viruses (CAP256.34-wk 80,  

CAP256.59-wk 10b and CAP256.15-wk SU, containing 169K/I and resistant to CAP256.20  

and CAP256.2720H3) resulted in increased sensitivity to these antibodies (Fig 6C). In all five

Fig 6. The off-track antibody CAP256.20 neutralizes a globally rare 169Q immunotype that was common in donor CAP256. (A) The K169 (orange) immunotype is  

common in globally circulating viruses, (B) while 169Q(green) predominates in CAP256 acrossmost time points. (C) Slope graphs displaying the change in neutralization  

titer (IC50) of CAP256.20 (light purple), CAP256.27 (purple), CAP256.2027H3 (blue) and CAP256.2720H3 (cyan) against K169 and 169Qautologous viruses.

https://doi.org/10.1371/journal.ppat.1008005.g006
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viruses, the 169K immunotype was associated with increased neutralization potency by

CAP256.27, CAP256.2027H3 and the additional broad CAP256.20 mutants and chimeras (S3C 

Fig), consistent with previous studies [11,12]. These data indicate a CDRH3-mediated prefer-

ence of CAP256.20 for the 169Q immunotype, which limited the evolution of breadth in this  

antibody.

Discussion

A major focus of HIV vaccine design is based on a deep understanding of the development of  

bNAbs during HIV infection. Studies of HIV/antibody co-evolution have provided a template  

for the maturation of breadth that is now the basis of B-cell lineage vaccine strategies [12,17–

23]. However, much less is known about the maturation of antibodies within bNAb-contain-

ing lineages that fail to acquire breadth. We have previously shown that these include both  

“dead-end” antibodies (that fail to acquire breadth and exhibit low SHM),and “off-track” anti-

bodies that acquire substantial SHM, but little breadth, and are the focus of this study. Here we  

used previously identified strain-specific “off-track” antibodies that are closely related to broad  

members of the CAP256-VRC26 bNAb lineage to probe the genetic and viral contributors to  

their maturation [22]. In two pairs, we identified key breadth-restricting mutations, and  

defined the probabilities of their occurrence. Furthermore, we show the preferential neutrali-

zation of a globally rare immunotype by CAP256.20 impeded the evolution of breadth, provid-

ing a mechanism for the development of off-track responses in infection. Together these data  

provide insights into the challenges associated with driving maturation of antibodies towards  

breadth, a central question in HIV vaccine design.

Studies of bNAb lineages have highlighted the substantial plasticity in their maturation,  

enabling the development of breadth through multiple pathways [11,12,21,43]. This suggests  

that immunization strategies promoting high levels of SHM along diverse pathways may  

enhance bNAb development. Our data suggests that similarly, the development of off-track  

antibodies can occur by multiple pathways, and through the acquisition of very few mutations.  

Indeed, within the CAP256.20/27 pair, only three mutations were sufficient to divert  

CAP256.20 away from both breadth and potency. Furthermore, the enhanced breadth of  

CAP256.04 R100rA, which contains a single CDRH3 mutation, in contrast to the six mutations  

in CAP256.0425H3, suggests substantial mutational “noise”. Additionally, we found an increase  

in breadth when the CAP256.25 CDRH2 or single CDRH1 mutations were introduced into  

CAP256.04. These data confirm that extensive SHM does not necessarily result in breadth and  

suggests that many mutations do not impact or negatively affect breadth.

The maturation of bNAbs towards breadth includes a requirement for functionally relevant

but improbable mutations [34]. Consistent with previous studies, we find that the key breadth-

conferring mutations in the CAP256-VRC26 lineage, such as Q100rA and G100nE, are highly  

improbable [34] and that mutations that restricted breadth were in many cases relatively prob-

able. Interestingly, the two pairs of CAP256 antibodies provide distinct examples of how the  

probability of mutations could shape on- versus off-track maturation. In CAP256.20/27, the  

potential for high probability breadth-limiting mutations (e.g. W100dR, D100jH and  

G100nV) is evident in pulling the B-cell off-track. In contrast, in the CAP256.04/25 pair, an  

important improbable mutation associated with breadth, Q100rA, represents a potential bot-

tleneck that CAP256.25 has overcome to achieve breadth, but CAP256.04 has not. The more  

probable R100r mutation is also present in broader lineage members, suggesting compensa-

tory mechanisms and that multiple pathways to breadth exist. Together these data indicate  

that, in some instances, the pathway to the off-track phenotype offers less “resistance”
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compared to the requirement for highly improbable mutations associated with breadth, and  

will require careful selection of immunogens to avoid this phenotype [34].

Several studies, including our previous work in the CAP256-VRC26 lineage, have shown  

how exposure to diverse viral variants contributes to the development of breadth [11,12,22].  

This study extends this work to define the mechanisms that select the off-track phenotype

within a single lineage. The enrichment of the globally rare 169Q immunotype in CAP256 and  

the preferential neutralization of this immunotype by CAP256.20, implicates 169Q autologous  

viral variants in the evolution of this off-track antibody. Early CAP256-VRC26 lineage mem-

bers (CAP256.01 and CAP256.24) and other off-track antibodies (CAP256.12 and CAP256.13)  

are unable to neutralize 169Q viruses. However, most lineage members, especially those with  

breadth, are able to neutralize this immunotype, though to a lesser extent than K169 viruses.

This indicates that whereas most lineage members tolerate 169Q, CAP256.20 is uniquely reli-

ant on the globally rare Q169 immunotype, explaining the strain-specificity of this antibody.  

Structurally, this may be a consequence of the reduced dependence of bNAbs on specific side  

chain residues within the epitope, compared to an increased dependence of off-track antibod-

ies such as CAP256.20 on such side chains. These data highlight the fact that evolution towards  

breadth, a desirable outcome from a vaccinology perspective, is distinct from antibody matura-

tion to counter circulating autologous viral variants.

This study provides evidence that affinity maturation to counter globally rare viral immu-

notypes can drive antibodies within a broad lineage away from breadth. As with the matura-

tion of breadth, off-track antibodies can develop through multiple evolutionary pathways.

Furthermore, limited breadth despite high levels of SHM can occur by the introduction of few,  

but relatively probable, mutations. The inherently stochastic nature of affinity maturation may  

make avoiding off-track antibodies challenging. Furthermore, additional research is needed to  

determine if the expansion of ‘off-track’ B-cell lineages prevents or limits the maturation of  

bNAbs. However, defining pathways towards and away from breadth will facilitate the selec-

tion of immunogens that elicit bNAbs and minimize off-track antibodies. Our data suggests  

that by selecting sequential immunogens that present globally conserved epitopes, the elicita-

tion of off-track antibodies can be minimized. As immunization strategies improve to allow  

targeting of specific antibody residues, these data inform the design of immunogens to elicit  

V2-directed bNAbs.

Materials andmethods

Ethics statement

CAP256 is a participant enrolled in the CAPRISA 002 Acute Infection study, established in  

2004 in Kwa-Zulu Natal, South Africa. The CAPRISA 002 Acute Infection study was reviewed  

and approved by the research ethics committees of the University of KwaZulu-Natal (E013/  

04), the University of Cape Town (025/2004) and the University of the Witwatersrand  

(MM040202). CAP256, an adult, provided written informed consent. The specificity of her  

plasma has been described, monoclonal antibodies isolated and autologous Env evolution  

characterized [11,12,22,45,46].

Overlapping PCR and site-directed mutagenesis

Exchanging the CDRH3s between monoclonal antibodies was achieved with a two-step over-

lapping PCR. The CDRH3s were amplified with the AccuPrime Pfx DNA Polymerase and  

reaction mix (Thermo) with primers that were complementary to the recipient antibody. The  

product was gel extracted (1%, 1x TAE) and purified with the QIAquick Gel Extraction Kit  

(Qiagen) and used as the mutagenesis primer for the second PCR with the QuikChange
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Lightning Multi Site-Directed Mutagenesis Kit (Stratagene). Genes with CDRH1, CDRH2 and  

CDRH3 exchanges were synthesized (GenScript) and excised with Age1 and Sal1 (Thermo)  

according to the manufacture’s recommendation. Heavy chain fragments were separated in an  

agarose gel (1% 1x TAE) and ligated (Roche) into the CMVR expression vector as per the man-

ufacturer’s protocol. Mutations in both antibody and viral Env genes were introduced by site-

directed mutagenesis with the QuikChange Lightening Multi Kit (Stratagene) per the manu-

facturer’s instructions and plasmid sequences were confirmed by Sanger sequencing with the  

ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems,  

Foster City, CA) and resolved on the 3500 genetic analyzer.

Cell lines

The TZM-bl cell-line was obtained from the AIDS Research and Reference Reagent Program  

and the 293T cell-line was obtained from Dr. George Shaw (University of Pennsylvania, Phila-

delphia, PA). The cell-lines were cultured at 37˚C (5% CO2) in Dulbecco’s Modified Eagle  

Medium (DMEM) supplemented with 10% heat-inactivated foetal bovine serum (FBS),50 μg/  

mL gentamicin (Sigma) and 25 mM HEPES, at confluency monolayers were disrupted with  

0.25% trypsin and 1 mM EDTA (Sigma). The 293F cell-line (Life Technologies) was main-

tained in serum and antibiotic free FreeStyle 293 Expression media at 37˚C (10% CO2) in an  

orbital shaker (130 rpm).

Pseudovirusproduction

Cloned Envs and pSG3ΔEnv backbone plasmids (NIH AIDS Research and Reference Reagent  

Program) were co-transfected into 293T cells with 1:3 PEI MAX transfection reagent (Poly-

sciences). Following 48 hours, filtered pseudovirus supernatants were adjusted to 20% FBS and  

stored at -80˚C.

Antibody expression

Equal quantities of antibody heavy and light chain plasmids were co-transfected into 293F  

cells using PEI MAX. Monoclonal antibodies were purified from cell-free supernatants after  

six days using protein A affinity chromatography. Concentration and buffer exchange (1x  

PBS) was completed with Vivaspin concentrators (Sartorius).

Neutralization assays

Neutralization was measured as previously described by a reduction in luciferase gene expres-

sion after single-round infection of TZM-bl cells with Env-pseudotyped viruses [47,48]. Titers  

were calculated as the reciprocal antibody dilution (IC50) causing 50% reduction of relative  

light units (RLU).

Models

The crystal structures of CAP256.04 (PDB: 4ORG) was aligned to the crystal structure of  

CAP256.25 and CAP256-34 week trimer in PyMOL 2.0.2. No structures were available for  

CAP256.20 and CAP256.27, therefore the amino acid sequences of these antibodies were fitted  

to the crystal structure of CAP256.25 in Swiss-PdbViewer 4.1.0 and aligned in PyMOL. Protein  

model representations were created with Swiss-PdbViewer v4.1.0 and PyMOL v2.0.2. Graphs  

were created in GraphPad Prism 6, sequence alignments were made in BioEdit v7.2.5 and phy-

logenetic trees were constructed in MEGA v6.06.
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Probability of antibody mutations

The Antigen Receptor Mutation Analyzer for Detection of Low Likelihood Occurrences  

(ARMADiLLO) program estimates the probability of amino acid substitutions prior to anti-

genic selection [34]. Briefly, 104 simulated mature sequences per site of interest are generated  

with the S5F mutability and substitution models through comparison of the nucleotides  

sequences of the CAP256.UCA and a given mature lineage member [33]. The probability of  

particular amino acid substitutions is then estimated by the frequency of the observed site in  

the set of simulated sequences. Here, a mutation of<2% probability is classified as “improba-

ble” as this reflects a frequency  2 B-cells per germinal centre harbouring that particular

mutation [34]. Probabilities of combinations of mutations are derived from the products of  

individual probabilities.

Supporting information

S1 Fig. Neutral and deleterious mutations in the CAP256.25/04 pair. Neutralization data  

using mutants (indicated schematically above the table) between CAP256.25 and CAP256.04,  

potency indicated as per the key. Arithmetic mean titers (IC50, μg/mL) from at least two exper-

iments are reported.

(TIF)

S2 Fig. Off-track conferring mutations knock out CAP256.27 neutralization. Neutraliza-

tion data using mutants (indicated schematically above the table) between CAP256.27 and  

CAP256.20, potency indicated as per the key. Arithmetic mean titers (IC50, μg/mL) from at  

least two experiments are reported.

(TIF)

S3 Fig. 169Q immunotype predominates in CAP256 and CAP256.20exhibits weak neutral-

ization of heterologous 169Q viruses. (A) The frequency of the 169Q (green) and 169K  

(orange) Env immunotypes across 28 time points from six to 206 weeks post infection. # The  

viruses tested in Fig 3A were isolated at the indicated time points. (B) CAP256.20 neutraliza-

tion curves of wild-type (orange, 169K/M as indicated,) and 169Q mutant (green) heterolo-

gous viruses. (C) An extension of Fig 6B, the neutralization titers of the CAP256.27/20 wild-

type and chimeric antibodies (from Fig 4B) were tested against the CAP256.34-wk 80 virus.  

(TIF)
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 Appendix I: PCR primers 
 

Appendix table 1. Sanger sequencing primer sequences. 

 

 

Appendix table 2. Primer sequences for off-track antibody restriction-free cloning and site-directed mutagenesis. 

 
 

Appendix table 3. Primer sequences for env site-directed mutagenesis. 

 

Vector Primer Sequence

1012F GCTGACAGACTAACAGACTG

1012R GCAAACAACAGATGGCTGGC

CMVR F CTAGTTAACGGTGGAGGGCAGTGT

CMVR R CACCCCCCAGAATAGAATGACACC

A589R CAGAGTGGGGTTAACTTTACAC

EnvB AGAAAGAGCAGAAGACAGTGGCAATGA

E175 TTTAGCATGTGATGCACAAAATAG

EnvAdir CACCGGCTTAGGCATCTCCTATAGCAGGAAGAA

pcDNA 3.1 

CMVR

Assay Primer Sequence

256.27
20H3

 F CTGCGAGCTGAGGACACGGCACTATATTTCTGT

256.27
20H3

 R GAGACGATGACCATTGTCCCGTGGCCCCA

256.20
27H3 

F CTGCGAGTTGAGGACACGGCGCGATATTTCTGT

256.20
27H3 

R GAAGAGACGATGACCATTGTTCCGTGGCCCCA

256.04
25H3 

F CTGCGAGCTGAGGACACGGCTCTGTATTACTGT

256.04
25H3 

R TGAAGAGACGATGACCATTGTCCCTTGGCCCCA

256.25
04H3 

F TGCGACCTGAGGACACGGCTCTCTACTACTGT

256.25
04H3 

R AAGAGACGGTGACCATTGTCCCTTGGCCCCA

256.04
25H1 

S28R F GTGCAGCCTCTCAATTCAGGTTTAATAGATATGGCATGCAC

256.04
25H1 

S28R N30D F GCAGCCTCTCAATTCAGGTTTGATAGATATGGCATGCACTGGGTC

256.04
25H1 

S28R N30D R31G F GCCTCTCAATTCAGGTTTGATGGATATGGCATGCACTGGGTCCG

256.04
25H2 

T157C F TGGAGTGGGTGGCAGCTATATCACATGATGGAACTGATAAATACCAC

256.04
25H2 

T157C C167T F GGGTGGCAGCTATATCACATGATGGAATTGATAAATACCACGCTGATAAAGTGT

256.04
25H2 

T157C C167T G169A F TGGCAGCTATATCACATGATGGAATTAATAAATACCACGCTGATAAAGTGTGGGG

256.04
25H2 

T157C C167T G169A T171A F TGGCAGCTATATCACATGATGGAATTAAAAAATACCACGCTGATAAAGTGTGGGG

256.04 R100rA F GGAAACAACTCCCTTGCGCAAAGTCACGGGGCG

256.04 F100ddA F GGGCGTGGCTGGAATTGCTGATAAGTGGGGCC

256.04 K102N F CGTGGCTGGAATTTTTGATAACTGGGGCCAAGGGACAATGG

256.04 F100ddA K102N F GGCTGGAATTGCTGATAACTGGGGCCAAGGGACAATGG

256.25 A100rR F GAAACAACTCCCTTGCCGAAAGTCACGCGGCGG

256.20 R100dW F GACGAATGTGAAGAGTGGTGGTCAGATTATTATCATTTTGGGAGAG

256.20 H100jD F GAAGAGAGGTGGTCAGATTATTATGATTTTGGGAGAGTTCTCCCTTG

256.20 V100nE F GATTATTATCATTTTGGGAGAGAACTCCCTTGCCGAAAGTACCG

256.20 R100dW H100jD F GAAGAGTGGTGGTCAGATTATTATGATTTTGGGAGAGTTCTCCCTTG

256.20 R100dW H100jD V100nE F GATTATTATGATTTTGGGAGAGAACTCCCTTGCCGAAAGTACCG

256.27 W100dR F CAGCGAGAAGACGAATGTGAAGAGAGGTGGTCGGATTATTATGATTTTG

256.27 D100jH F GGTGGTCGGATTATTATCATTTTGGGAAAGAACTCCCTTGCCG

256.27 E100nV F CGGATTATTATGATTTTGGGAAAGTTCTCCCTTGCCGAAAATTCCGGG

256.27 D100jH E100nV F CGGATTATTATCATTTTGGGAAAGTTCTCCCTTGCCGAAAATTCCGGG

Site-directed 

mutagenesis

Restriction-

free cloning

DU422 K169Q F CAATACAACCACAGAATTAAGAGATAAGCAACAGAAAGTGTATGCACTTTTTTATAAACC

ZM197 K169Q F CAATATAACCACAGAAGTAAGAGATAGGCAGACAAAACAAAGGGCACTTTTTTATAAAC

CAP210 K169Q F CAATGCAACCACAGAACTAAGAGATAAGCAAAAGAAGGAGTATGCACTTTTTTATAG

CAP45 K169Q F CAATATAACCACAGAGCTAAGAGATAAGCAACAGAAAGCGTATGCACTTTTTTATAG

DU156 K169Q F CAATACAACCACAGAACTAAGAGATAAGCAACAGAAAGTGTATGCACTTTTTTATAG

ZM109 K169Q F CAATATAACCACAGATGTAAAAGATAGACAACAGAAGGTGAATGCAACTTTTTATG

ZM233 K169Q F CAATATGACCACAGAACTAAGAGATAAGCAACGGAAAGTGAATGTACTTTTTTATAAAC

ZM249 K169Q F CAATATAACTACAGAGCTAAGAGATAAGCAACAGAAAGTGTATGCACTTTTTTATAAAC

Q259 K169Q F CAATATAACCACAGAACTAAGGGATAAGCAACAGAAAGTACATTCACTTTTTTAC

Q461 K169Q F CAATATAACCACAGAACTAAGAGATAAGCAACAGAAAGTCTATTCACTGTTTTATAAAC

Q842 R169Q F CAATATGACCACAGAACTAAGGGATAAGCAACAGAAAGTATATTCACTTTTTTATAAAC

ZM214 N169Q F CAAGGTAAACTCAGAACTAAGAGATAAACAAAGGAGAGAACATGCATTGTTTTATAAAC

PVO M169Q F CAATGTCACCACAGACATAAGAGATAGACAGCAGAAAGTATATGCGCTTTTTTATAG

ZM53 K169Q F CAATGCAACCACAGAACTAAGAGATAAGCAAAAGCAAGTGTATGCACTTTTTTATAAAC

59-wk 10b I169Q F CAATGCGACCACAGAAGTAAGAGATAAGCAAAAGAAAGAATATGCACTCTTTTATAG

256.3.14.10 Q169K F CAATACAACCACAGAGGTAAGAGATAAGAAAAAGAAAGAATATGCACTCTTTTATAG

34-wk 80 K169Q F CAATGCGACCACAGAATTAAGAGATAAGCAAAGGAGAGAATATGCACTCTTTTATAG

6-wk PI Q169K F CAATACAATCACAGAGGTAAGAGATAAGAAAAAGAAAGAATATGCACTCTTTTATAG

3.14.10 Q169K F CAATACAACCACAGAGGTAAGAGATAAGAAAAAGAAAGAATATGCACTCTTTTATAG

42-wk 5 Q169K F CGACCACAGAATTAAGAGATAAGAAAAAGAAAGAATATGCACTCTTTTATAG

15-wk SU K169Q F CGACCACAGAATTAAGAGATAAGCAAAAGAAAGAATATGCACTCTTTTATAG

Site-directed 

mutagenesis
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Appendix table 4. Primer sequences for the CAP256.UCA restriction-free cloning and site-directed mutagenesis. 

 

 

Appendix table 5. Primer sequences for the IgG4 CMVRHC vector modification and cloning. 

 

   

Assay Primer Sequence

UCA G100qC F CGATTGGTTACCCTTGCCAAGACCCACGGGGC

UCA N100aC F GATCTGGGAGAAAGCGAATGTGAAGAGTGGGCGACG

256.UCA
25L2

 F CAAACTCCTCATCTATGAAACTGACAAGCGACCCTCAGGGATTCC

256.UCA
25H2

 F
CCAGGCAAGGGGCTGGAGTGGGTGGCAGTTATATCACATGATGGAATTAAAAAATACTATGC

AGACTCCGTGAAGGGCCGATTCACC

256.UCA
25H2

 R
GGTGAATCGGCCCTTCACGGAGTCTGCATAGTATTTTTTAATTCCATCATGTGATATAACTGC

CACCCACTCCAGCCCCTTGCCTGG

256.25
UCAH3

 F CTGAGGACACGGCTCTCTACTACTGTGCGAAAG

256.25
UCAH3

 R GAGACGGTGACCATTGTCCCTTGGCCCCAG

256.UCA
25H3

 R GAGACGGTGACCATTGTCCCTTGGCCCC

256.UCA
25H3

 F GAGGACACGGCTGTGTACTACTGTGCGAAAGA

Restriction-

free cloning

Site-directed 

mutagenesis

Assay Primer Sequence

5' AgeI VH 3 CTGCAACCGGTGTACATTCTGAGGTGCAGCTGGTGGAG

3' Sall JH 3 TGCGAAGTCGACGCTGAAGAGACGGTGACCATTG

5' AgeI VL 1 CTGCTACCGGTTCCTGGGCCCAGTCTGTGCTGACKCAG

3' XhoI CL CTCCTCACTCGAGGGYGGGAACAGAGTG

IgG remove Age F CTTCCCCGAACCCGTGACGGTGTCGTGG

G4aI Sal GTCG GTCATCGTCTCAGCGTCGACCAAGGGCCCATC

G4aI Sal CG GGTCATCGTCTCAGCTACGACCAAGGGCCCATCG

Restriction-

site PCR

IgG4 CMVRHC 

Site-directed 

mutagenesis
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