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Abstract

Antibodies with protective activity are critical for vaccine efficacy. Affinity maturation increases 

antibody activity through multiple rounds of somatic hypermutation and selection in the germinal 

center. Identification of HIV-1 specific and influenza-specific antibody developmental pathways, 

as well as characterization of B cell and virus co-evolution in patients, has informed our 

understanding of antibody development. In order to counteract HIV-1 and Influenza viral 

diversity, broadly neutralizing antibodies precisely target specific sites of vulnerability and require 

high levels of affinity maturation. We present immunization strategies that attempt to recapitulate 

these natural processes and guide the affinity maturation process.
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Affinity maturation is the process by which antibodies gain increased affinity, avidity, and 

anti-pathogen activity and is the result of somatic hypermutation (SHM) of immunoglobulin 

genes in B cells, coupled to selection for antigen binding (Figure 1). This iterative process 

occurs in germinal centers (GCs), structures within secondary lymphoid tissues, and 

proceeds for weeks after acute infection or vaccination, or for many cycles during chronic 

infection [1]. The resulting antibodies can be highly mutated from their germline-encoded 

counterparts, with increases of several orders of magnitude in affinity for antigen compared 

to the corresponding naïve B cell receptors (BCRs)[2].

Why would affinity maturation need to be guided? In many cases, particularly for highly 

variable pathogens such as influenza and HIV-1, the antibodies typically elicited by 

vaccination or infection are poorly functional or insufficiently cross-reactive against 

multiple viral variants. Only a subset of antibodies that bind viral proteins can neutralize the 

virus, and an even smaller fraction is broadly neutralizing (cross-reactive). B cell selection is 
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driven by affinity to the antigen that is presented in the germinal center, not by functionality 

that may be desirable in a vaccine context or measured in vitro, such as neutralization of 

heterologous viral strains [3, 4]. In many studies of HIV antibodies in which multiple 

variants of a neutralizing antibody lineage were identified [5–11], each lineage had members 

with broad cross-reactivity and others with poor activity, despite the antibodies containing 

similar levels of SHM. Thus, increasing SHM generated increasing functionality for some 

sub-lineages, but went “off track” for others (Penny Moore, personal communication and 

[11]) while the combined effects of broadly and poorly-neutralizing antibodies are only 

recently being appreciated [12]. Therefore, there is currently much discussion in the 

literature about how to guide affinity maturation.

On a guided journey, it is important to know where we want to go, start out headed in the 

right direction, not get lost along the way, and know when we have arrived at the desired 

endpoint. In this article, we will discuss recent findings regarding HIV-1 and influenza 

antibodies, new concepts for appropriate immunogen design and presentation, and strategies 

for priming and guiding the immune system along the maturation pathway.

Where do we want to go?

Antibodies can perform numerous antiviral functions, including neutralization of free virus, 

as well as Fc-requiring functions such as antibody-dependent cell-mediated cytotoxicity 

(ADCC). There are natural examples of differing ways to achieve potency and cross-

reactivity: via a single antibody lineage that accounts for nearly all of the serum breadth and 

potency [9, 13], or by a collection of antibodies that collectively provide the observed 

breadth [14–16]. The required levels of SHM and affinity maturation may vary from target 

to target – for example, influenza neutralizing antibodies average 5–10% mutation from 

their germline genes [17, 18], while some classes of HIV-1 broadly neutralizing antibodies 

show mutation levels of 15–20% [6] and others show upwards of 30% mutation [13]. Even 

among the most highly mutated antibodies, not all of the mutations are required for full 

activity [18–20], and levels over 20% may be difficult to achieve by vaccination; therefore 

we suggest a goal of mutation levels closer to 5–20% for antibodies that target specific and 

multiple sites of vulnerability (Figure 1).

Starting in the right direction

The initial immune response is likely to be crucial in starting antibody lineages along the 

path to highly functional mature antibodies. The initial naïve B cell repertoire is highly 

diverse following VDJ recombination and selection against self-reactivity [2]. Naïve BCRs 

that target specific sites, or have certain characteristics such as utilizing a specific VH gene 

or displaying a long CDR H3, may be better suited than others to mature into highly 

functional antibodies [6, 21].

While most antibodies concentrate antigen-contacting amino acids in the CDR H3 (encoded 

by the VDJ junction), two groups of highly cross-reactive antibodies against influenza and 

HIV-1 bind primarily using the CDR H2, which is entirely encoded by the VH gene. 

Broadly neutralizing antibodies targeting the CD4-binding site (CD4bs) on the HIV-1 

Envelope glycoprotein (Env) preferentially utilize the VH1-2*02 gene [8, 21, 22] or the 
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VH1-46 gene [8] while those targeting the conserved influenza HA stem region utilize 

certain alleles of the VH1-69 gene [18, 23]. These genes contain critical binding motifs [18, 

21, 23, 24] but also undergo SHM leading to increased affinity and neutralization breadth 

[18, 19, 21].

In addition, broadly cross-reactive antibodies that utilize the more typical CDR H3 

recognition mode have been noted. In the case of HIV-1, many such antibodies display a 

characteristic elongated CDR H3 that is used to penetrate the extensive glycan shield found 

on the HIV-1 Env molecule [11, 25–27]. For influenza HA, the head region encodes 

significant diversity, yet a number of cross-reactive antibodies have been identified that 

target the receptor binding domain (RBD) within the head domain by using an aromatic 

residue located on the CDR H3 to mimic the HA-receptor interactions [28–31]. Importantly, 

antibodies with these modes of recognition have been isolated from multiple donors, 

indicating a common solution leading to broad neutralization.

This leads us to the hypothesis that immunogens that can bind to naive BCRs with favorable 

genetic properties can trigger the initial development of broadly neutralizing antibodies. In 

addition, there are other sites targeted by broadly neutralizing antibodies in multiple donors, 

such as the glycan-V3 or the membrane proximal external region of HIV-Env [9, 13, 32–

36], that do not share genetic characteristics. Immunogens that bind to naive BCRs of 

multiple unrelated lineages may be more difficult to engineer, but would also have great 

potential as vaccines.

Guiding maturation

Following initial activation of B cells with preferred properties (such as BCR precursors of 

neutralizing antibodies or those that target known sites of vulnerability), further 

immunization will be required to drive the maturation process towards a refined set of 

broadly neutralizing antibodies. There have been a significant number of studies [18, 22, 37, 

38] that have mapped the evolution of broadly neutralizing antibodies in both HIV-1 and 

Influenza. More recent studies have mapped the co-evolution of highly functional 

neutralizing antibodies and the viruses that elicit them. Applying this information to 

immunogen design as a way of re-eliciting these antibodies may be key to generating viable 

vaccine candidates. Two landmark studies of HIV-1 infection [6, 7], have followed 

antibody-virus co-evolution from the origin of the lineage through to maturation (Figure 2).

In each study, mature HIV-1-neutralizing antibodies were isolated from the donor, followed 

by next-generation “deep” sequencing (NGS) of B cells from multiple earlier time points, 

and the resulting sequences were used to infer the unmutated common ancestor (UCA) and 

intermediate antibodies along the developmental pathway of these broadly neutralizing 

antibodies.

In the first study, the UCA of the CD4bs-directed CH103 lineage bound to but did not 

neutralize the initial transmitted/founder virus, while intermediate antibodies and later 

isolates bound to and neutralized the virus with increasing potency, in tandem with increases 

in the antibody SHM. The mature antibodies also showed neutralization activity against later 

viral isolates from the donor [7]. The maturation pathway included structural changes 
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necessary to ensure focused binding that was minimally affected by viral mutation [39]. In 

addition, the authors identified a second lineage of antibodies that arose earlier in infection 

that also targets the CD4bs, and exerted selective pressure on the viral Env leading to escape 

mutations that improved the epitope for the CH103 lineage [40]. A similar phenomenon has 

been observed in studies of escape from plasma (polyclonal) neutralization [41–43], and 

may be a common occurrence in HIV infection.

The second study described the V1V2-directed CAP256-VRC26 lineage [6]. Like other 

broadly neutralizing V1V2 antibodies, the heavy chain contains a very long and anionic 

CDR H3 [25]. The earliest sequences of the lineage, and a UCA derived from them, already 

contained the long CDR H3. Thus, the signature CDR H3 loop was derived from the original 

VDJ recombination event, rather than increasing in size via SHM and insertions. This UCA 

bound and neutralized an early viral isolate, emphasizing the importance of the naive B cell 

in the development of functional antibodies. However, incremental increases in SHM, much 

of it focused on the CDR H3, did lead to incrementally improved affinity, breadth and 

potency.

In both lineage studies [6, 7], viral sequence diversification was immediately followed by 

the development of neutralization breadth. The relevance of this association is unclear; it is 

possible that a particular viral sequence is required to activate the ‘correct’ naïve BCR and 

also facilitate development of that antibody lineage, or that sampling of multiple variations 

on the epitope encoded by viral variants allows for selection of multiple related BCRs as 

well as iterative antibody refinement over time. The role of multiple viruses in the latter 

concept is supported by the analysis of viral escape mutations: early escape mutations in the 

viruses that conferred resistance to the earliest antibodies were tolerated by some of the 

later, more broadly cross-reactive antibodies [6]. The inference is that adaptation to the early 

viral escape mutations allowed for tolerance of variation within the target epitope, 

fortuitously conferring the ability to neutralize heterologous strains.

Immunogen choices

In addition to careful sequence selection and design, the form of the immunogen [44] can be 

critical (Figure 3). Effective immunogens need to present sites of vulnerability, while in 

some way minimizing the presence of non-neutralizing epitopes [4, 45]. Many viral 

immunogens undergo significant structural rearrangements; thus, structural stabilization can 

dramatically improve immunogenicity. This was demonstrated in a recent vaccination study 

against respiratory syncytial virus (RSV), in which mutations that locked the RSV fusion 

glycoprotein molecule in the preferred prefusion form generated ~50-fold higher levels of 

neutralizing antibodies compared to the postfusion form [46].

While HIV-1 Env gp120 molecules bear many neutralizing epitopes, they also present many 

non-neutralizing epitopes that are absent from functional trimers on the viral surface [47]. 

Most HIV Env-based vaccines tested in animals or humans have elicited antibodies that 

neutralize laboratory-adapted strains, but not primary isolates. These responses have been 

mapped to non-neutralizing epitopes, most often the Env V3 loop, which can be 

immunodominant on soluble Env proteins but are shielded on the native Env spike [48]. 
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Several studies have shown that it is possible to change the focus of the immune response by 

mutating sequences, introducing masking glycans or deleting residues which leads to 

increased immune responses against previously sub-dominant epitopes [49–52]. In addition, 

a recent study illustrated how B cell progenitors of non-neutralizing antibodies had a 

competitive advantage over B cell progenitors of broadly neutralizing antibodies, explaining 

to a certain extent the empirical responses seen in many immunogenicity studies over the 

years [4].

HIV-1 immunogen design has recently experienced a number of promising advances. In the 

past, HIV-1 Env protein immunogens have been monomeric [53] or trimers held together 

with immunogenic non-HIV domains [54, 55]. The proteins presented V3 and other 

suboptimal epitopes, and human clinical trials all reported low neutralization levels [53, 56]. 

Thus, the development by Moore and colleagues [57–59] of BG505 SOSIP.664 Env trimers 

that closely mimic the prefusion closed form of the viral spike is a major breakthrough. 

These molecules bind to broadly neutralizing antibodies, including those that target recently 

discovered quaternary epitopes [6, 25, 60, 61], but show little or no binding to non-

neutralizing antibodies such as those targeting the V3 loop [58]. Structural characterization 

of these trimers [26, 62, 63] can allow further design of stabilized immunogens from 

additional strains [57], which may translate to improved immunogenic responses. 

Meanwhile, careful engineering and screening has allowed identification of a number of Env 

gp120 molecules capable of binding to the germline versions of the VRC01-class of 

antibodies [4, 64, 65]. Such designs may be further improved by a new understanding of in 

vivo viral escape pathways, as described in studies using humanized mice infused with 

VRC01 [66] and also from studies of virus mutations in the donor from which VRC01 was 

isolated [67, 68].

In the case of Influenza, stable HA trimers have been available for many decades but the 

development of a universal vaccine is still awaited [69]. During typical immunization 

schemes, the HA head region is antigenically dominant [70, 71]. However the head region 

also varies the most between immunogens typically resulting in limited neutralization 

responses that do not result in cross-reactive antibodies. Recent work has served to provide 

an understanding for this limited neutralization alongside the antigenic drift of influenza 

while also proposing the development of preemptive vaccine strategies to improve vaccine 

efficacy [72, 73]. Multiple design efforts have also focused on creating a HA stem-region 

focused immunogen, leading to the elicitation of cross-reactive antibodies in preclinical 

studies [74–76].

These exciting developments in understanding the role of protein stabilization as well as 

immunogen selection allow the use of creative and logical strategies that are aimed at 

eliciting affinity matured neutralizing antibodies of either specific lineages or towards 

specific targets.

Proposed immunization strategies

Based on the studies described above and other related research efforts, several groups [6, 

43, 64, 77, 78] have suggested the following general vaccine concepts for induction of cross-
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reactive antibodies. (i) Prime with modified designed viral proteins that engage the reverted 

germline versions of known mature antibodies [64, 65], then boost with mutants thereof that 

introduce glycans and/or sequence variation that are not recognized by the germline 

antibodies, but are neutralized by intermediate or mature antibodies [64, 65, 78]. These 

priming molecules could also include designs generated from the early viruses identified in 

donors such as NIH donor 45 [68], CHAVI donor 505 [7] or CAPRISA donor 256 [6] that 

show affinity to UCA or germline antibody sequences. Given the highly glycosylated nature 

of HIV-1 immunogens, the initial immunogen could be tailored to “open” up the area of 

interest by removing proximal glycans to first generate a broad response to the area of focus 

followed by immunizations with more “closed” immunogens that would force mutations in 

antibodies that are still targeting the area of interest (Figure 4A).

(ii) Boost with variants so as to mimic the natural antibody - virus co-evolution pathway so 

as to recapitulate viral evolution in a single donor [6, 43, 77–79], for example as seen in the 

CH103 and VRC26 studies [6, 7]. The boosting immunogens would be designed based on 

early escape variants, and multiple later variants that escape from the immune response. 

These variants would bind to intermediates along the pathway to the mature antibodies, with 

either single variants from each time point assessed or a combination of variants [79]. A 

related strategy would include immunogens that bind to an earlier “helper” lineage, as 

defined in [40]. Using a template that is representative of antibody binding modalities that 

are shared among multiple donors would seem to give a higher chance of success [6, 15, 26] 

(Figure 4B). Early assessments of this concept by Haigwood and colleagues [79–81] have 

shown modest improvement over single-immunogen regimens. The strength of this 

approach is that the template viral Env molecules have elicited broadly neutralizing 

antibodies in humans with one defined path for antibody maturation already mapped out.

(iii) Heterologous immunizations of well characterized molecules in either a mixture format 

or via sequential immunizations over time may generate somatic hypermutation focused on 

specific sites. The immunogens could include variants identified from well-characterized 

donors, or currently circulating viral strains. An advantage over strategy (ii) is the increased 

viral antigenic variation compared to using sequences from a single donor (Figure 4C). Each 

new immunization would elicit immune responses against the whole variable antigen but the 

conserved sites of vulnerability inherent to the viral protein are unchanged and this allows 

the boosting effect to specifically target these areas [24, 82, 83]. This can be tailored to 

specific viral subgroups or epitopes but in fact, the empirical process may define the viral 

sites of vulnerability that are most easily targeted by the immune system [84–87].

Many vaccine concepts, including trivalent influenza vaccine, include multiple viral 

sequences; the key to making this more effective may be selection of variants with specific 

properties such as binding to the UCAs of a favored class of antibodies. The choice between 

these strategies may depend on the epitope of interest. Virus-antibody co-evolution data is 

only available for a few epitopes; and a recent modeling study predicted that sequential 

immunogens would be more effective than mixed immunogens to target the HIV-1 Env 

CD4bs epitope [88].
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Help along the way

As the lessons of the recent studies are applied to immunogen design, it will be crucial to 

use vaccine platforms of sufficient immunogenicity. Duration of antigen presentation is 

likely to be one central factor in generating high levels of immunity. For example, a simply 

longer interval between influenza vaccine doses resulted in higher levels of neutralizing 

antibodies [89]. Studies of several cohorts of HIV-1 infected individuals found that the 

potency and cross-reactivity of HIV neutralizing antibodies in serum correlated with both 

level of viremia [90–92] and duration of infection [92]. The presence of antigen for extended 

periods of time is thus likely to be important in any vaccine regimen. Yet, most preclinical 

vaccine studies, and indeed all HIV-1 human clinical trials to date, have relied on non-

replicating vectors or protein subunits. The goal of extended antigen presence may be 

achieved with replication-competent vectors such as adenovirus-4, or non-replicating 

systems that have slow release or long residency in secondary lymphoid tissue [93]. 

Nanoparticles [94] such as ferritin displaying viral proteins [95] are preferentially taken up 

by dendritic cells [96], with the added benefit of improved B cell receptor clustering and 

activation and increased immunogenicity [97–99].

Adjuvants are likely to be crucial in promoting affinity maturation. The licensed adjuvant, 

alum, likely provides a “depot effect” that increases the persistence of antigen, in addition to 

effects on immune cells [100]. New generations of adjuvants [101] are taking advantage of 

the molecular mechanisms of B cell maturation. For example, a cholera toxin-derived 

adjuvant increased SHM and GC size via interactions with follicular dendritic cells and 

complement [102, 103]. B cell factors have also been directly incorporated into vaccine 

constructs: chimeras with APRIL, CD40L, or BAFF increased B cell expression of 

activation-induced cytidine deaminase (AID), a crucial enzyme for SHM, in vitro and some 

led to improved antibodies in vivo [93, 104]. Augmentation of T follicular helper cell 

interactions [105, 106] is also likely to improve vaccine responses and needs to be further 

developed within vaccine regimens [107].

Determining our “arrival”

Testing vaccine concepts and choosing those likely to succeed in human clinical trials 

requires thoughtful measurements of immunity. Studies that carefully assess immunogen(s), 

adjuvants, immunization schemes, animal models and the resulting immune responses in 

conjunction with protection against challenge are critical. In the search for a universal 

influenza vaccine or a HIV-1 vaccine, the development of somatic hypermutation and 

broadly neutralizing or cross-reactive antibodies is a priority. Thus, sera neutralization 

assays and ADCC assays can be combined with assessment of SHM levels by cloning 

antigen-specific B cells [17, 108] or by high throughput next-generation sequencing [109, 

110].

Conclusions

Based on the lessons learned from human infections, an effective immunization scheme 

would utilize carefully characterized and stable immunogens that preferentially contain 
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broadly neutralizing epitopes over non-neutralizing epitopes. Initial priming immunogens 

would be capable of binding to unmutated ancestors of families of broadly neutralizing 

antibodies. It would allow stimulation of the immune system to generate a sustained 

response over time and should maximize appropriate T helper function. In guiding the 

appropriate immune response, thoughtful choices of the initial steps, the boosting 

immunogens, adjuvants, and duration of the regimen, coupled with well-defined and 

carefully measured goals, may greatly improve the chances of successful vaccination.
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Highlights

• Broadly neutralizing HIV-1 and Influenza antibodies possess significant levels 

of affinity maturation.

• Choice of initial immunogens may be critical to select naïve B cells that can 

mature appropriately.

• Viral diversity leads to development of broadly neutralizing antibodies.

• Recent HIV-1 and Influenza immunogen design breakthroughs are reviewed.

• Antibody-virus co-evolution studies in HIV-1 and Influenza infections suggest 

immunization strategies.
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Figure 1. Overview of affinity maturation
Left, Naïve or memory B cells are activated by exposure to viral antigens by infection or 

vaccination. Center, Activated naïve or memory B cells migrate to germinal centers within 

secondary lymphoid tissues such as lymph nodes [111, 112]. There, B cells cycle between a 

dark zone, where they undergo mutation and proliferate, and a light zone, where they 

undergo selection [1]. In the light zone, B cells compete for antigen on follicular dendritic 

cells, internalize the antigen, and present it to T follicular helper cells. The B cells with 

highest affinity internalize the most antigen, conferring an advantage in obtaining T cell help 

which in turn regulates survival, dwell time, and number of cycles of selection [105, 106]. 

Approximately 90% of selected cells return to the dark zone and repeat the cycle, while the 

remaining 10% exit to serve as memory cells or plasma cells [113]. Right, After sufficient 

time passes for multiple rounds of germinal center selection, the resulting antibodies may be 

highly mutated from their naïve precursors. While chronic infection may result in mutation 

levels upwards of 30% as seen in HIV-1 broadly neutralizing antibodies (bNAbs) [22], 

mutations of 10–20% may provide sufficient maturation to be effective [17, 18], and is more 

readily achieved by vaccination.
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Figure 2. Development of broadly neutralizing antibodies following changes in the viral envelope 
HIV-1 gp140
(A) Multi-lineage cooperation. Autologous neutralizing antibodies develop early in infection 

and can neutralize many autologous viruses but do not neutralize heterologous Tier 2 viral 

strains. Mutations that confer viral escape from these early, autologous neutralizing 

antibodies create the epitope for later, broadly cross-reactive antibodies of the same [6] or 

different [40] lineages that can neutralize both the autologous strains and also many 

heterologous viral strains. (B) Virus-antibody co-evolution. Viral diversification through 

mechanisms such as viral mutation or super-infection leads to the development of an epitope 

on the virus which selects for a specific B cell that can target a known site of vulnerability 

and gives autologous neutralization. Following selection of this initial B cells, ongoing virus 
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evolution drives the maturation of the B cell which results in antibodies capable of 

heterologous neutralization increases in neutralization breadth and potency [6, 7].
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Figure 3. Structural definition of protein immunogens
Left, Respiratory Syncytial Virus fusion glycoprotein exists in two forms: a metastable, 

neutralization-sensitive, prefusion form [46] (PDB ID:4MMT) and a stable, postfusion form 

[114] (PDB ID:3RRR). Center, HIV-1 BG505 SOSIP.664 trimer structure displays the 

near-native viral prefusion form [26] (PDB ID:4TVP). Right, Full-length Influenza 

Hemagglutinin H1 trimer [115] (PDB ID:1RUZ) and a model of the designed H1 stem 

immunogen [74] based on PDB ID:1RU7. All molecules are shown in ribbon representation 

with glycans shown in stick representation.
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Figure 4. Immunization strategies to target specific sites and generate affinity matured cross-
specific immune responses
(A) Strategy based on antibody ontogeny as defined from mature antibody identification and 

subsequent deep-sequencing data [13, 22, 37]. Initial priming immunogens such as 

Lumazine synthase-eOD-GT6 (LS-eOD-GT6) or HIV-1 gp140 clade C strain 426cΔ3-Gly 

are selected and designed based on their ability to bind to specific UCA or germline 

antibodies in vitro [64, 65]. These priming molecules can be used to boost the immune 

response or modified to ensure binding to only intermediate or mature antibodies. (B) 
Strategy based on antibody-viral co-evolution study information. This strategy would mimic 

natural infection and antibody evolution where all immunogens are designed based on viral 

sequences identified in a donor. Given that the viral population is transient and not uniform 

at any given time, immunogens based on a number of sequences may be used to enable 

development of the desired immune response. (C) Strategy based on viral diversity. Either 

through a sequential or mixture type of immunization strategy, the immune system would be 

inundated with many epitopes of interest. The common sites of vulnerability on the viral 

target would inherently be the only conserved regions between the diverse molecules and 

thus over time would lead to a targeted and affinity matured response aimed at these sites.

Doria-Rose and Joyce Page 19

Curr Opin Virol. Author manuscript; available in PMC 2016 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


