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Abstract:

 In this brief review, we discuss immune tolerance as a factor that determines the magnitude and quality of serum antibody responses to HIV-1 infection and vaccination in the context of recent work. We propose that many conserved, neutralizing epitopes of HIV-1 are weakly immunogenic because they mimic host antigens. In consequence, B cells that strongly bind these determinants are removed by the physiological process of immune tolerance. This structural mimicry may represent a significant impediment to designing protective HIV-1 vaccines, but we note that several vaccine strategies may be able to mitigate this evolutionary adaptation of HIV and other microbial pathogens.
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1. Introduction

While HIV-1 is extraordinarily diverse and mutates rapidly, the HIV-1 envelope has conserved regions to which neutralizing antibodies can be made [1]. Inducing antibodies by HIV-1 vaccine candidates is a major goal of HIV-1 vaccine development. However, repeated attempts at HIV-1 envelope immunization of animals and man have induced primarily non-neutralizing or HIV-1 strain-specific antibodies. In this review, we were charged to discuss our recent work in the area of host control of humoral responses to HIV-1; consequently, we have not included much outstanding work by the many other investigators who have contributed to understanding humoral immunity to HIV-1. We shall, nonetheless, point out some of the roadblocks that are currently hindering the successful induction of broadly reactive neutralizing antibodies (bnAbs) to the HIV-1 envelope.



2. HIV-1 Envelope Antigenicity and Immunogenicity

Not all HIV-1 envelope epitopes are created equal: some are highly immunogenic and dominate antibody (Ab) responses, whereas others are weakly immunogenic and are sub-dominant [2]. Significantly, the neutralizing epitopes that are shared by multiple HIV-1 clades and elicit bnAb responses are weakly immunogenic and elicit little or no protective immunity in most infected patients [3]. A key question that has occupied the HIV-1 field for the last 5 years is “why are BnAbs so difficult to induce?”

Most theories to explain the variability of HIV-1 Env immunogenicity focus on limitations of the antigen-receptor repertoire [4,5,6], epitope shielding by interfering structures [7,8,9], and inflammatory capacity [10,11,12]. Evidence to support each of these hypotheses exist but until recently there has been no concerted effort to focus immune responses on subdominant epitopes to exploit their potential utility as vaccine antigens [2,13,14,15,16,17,18,19].

The properties of immunogenicity and antigenicity are related but distinct: immunogens are capable of inducing humoral or cell-mediated, adaptive immune responses while antigens are structures that specifically bind to the antigen receptors of B- or T cells (BCR or TCR, respectively). Consequently, immunogens are always antigens but antigens are not necessarily immunogenic. The classical example of this dichotomy is the hapten; haptens such as nitrophenyl(acetyl) are bound by BCR and antibodies with great specificity but alone cannot elicit humoral responses.

The dissociation of antigenicity and immunogenicity of HIV-1 envelope is the essence of the problem in eliciting bnAb responses. That is, while the HIV-1 envelope gp120 and gp41 components have conserved, neutralizing epitopes that are antigenic, i.e., rare antibodies can indeed bind to Env proteins, they are not immunogenic and do not induce neutralizing antibodies targeted at these sites. Largely, epitopes are identified by elicited antibodies, i.e., epitopes that are both antigenic and immunogenic. For most antigens, this dual definition is not problematic. However, for the conserved HIV-1 antigens that do not elicit protective immune responses, understanding immunogenicity is crucial. For example, the bnAb epitopes in the membrane-proximal external region (MPER) of envelope gp41 can be mimicked by scaffolds and peptide-liposome immunogens that induce antibodies to bind precisely at the bnAb polypeptide epitope [13,20]. However, scaffold-induced Ab does not neutralize HIV-1 and the epitope-specific component of the serum response is only a small minority of the induced Ab. We conclude that at least some HIV-1 epitopes are intrinsically weak immunogens.

The role of immune tolerance in the weak immunogenicity of neutralizing MPER epitopes is challenged by the discovery of the 10E8 bnAb [21]. This bnAb recognizes an epitope that overlaps the conserved 4E10 MPER determinant and exhibits great neutralizing breadth [98% (178/181) of HIV-1 isolates tested] in vitro. The 10E8 bnAb was reported to have no affinity for phospholipids, including phosphatidyl choline-cardiolipin, did not label fixed HEp-2 human epithelia cells, nor did it bind several human autoantigens diagnostic for various autoimmune diseases [21]. Nonetheless, in a protein microarray [3], whereas 10E8 was observed not to be polyreactive, it did exhibit strong affinity for a human protein expressed in variety of mature organs as well as in fetal tissues [22]. Whether this autoreactivity is physiologically significant remains to be determined by the generation of 10E8 knockin mice [23,24,25].

HIV-1 bnAb also recognize complex epitopes. For example, the 2F5 and 4E10 bnAb bind MPER determinants composed both of membrane lipid and the gp41 polypeptide [26]. In addition, these MPER bnAb epitopes mimic host antigens [3,27] such that immune tolerance mechanisms deplete or anergize reactive B cells [23,24,25,28,29]. Thus, vaccine immunogens that induce HIV-1 bnAbs may necessarily have complex structure (e.g., lipid and polypeptide) and/or be formulated to overcome host immune control mechanisms.



3. Designing New Vaccine Strategies


3.1. HIV-1 Broadly Neutralizing Antibodies

HIV-1 bnAbs have unusual but characteristic features, most notably, extraordinary frequencies of V(D)J mutations, that imply unusual developmental histories [2,30]. The frequencies of mutations characteristic of bnAbs include point mutations and insertions and deletions (indels). Point mutations from high levels of somatic hypermutation (SHM) range from 15% to >30%, and demand that we consider why high levels of SHM appear necessary for bnAb production [31]. In addition, a substantial number of bnAbs appear to be poly- and/or autoreactive [2]. For a thorough guide to the origins and characteristics of bnAbs, we refer our readers to a recent review [1] that includes a summary table of 22 bnAbs identified between 1993–2013.

In germinal centers (GC), antigen-reactive mature B cells proliferate and express high amounts of activation-induced cytosine deaminase (AID), an enzyme required for immunoglobulin class-switch recombination and V(D)J hypermutation [32]. The clonal evolution of GC B cells is a Darwinian process comprising two mechanisms: SHM and affinity-dependent selection. Selection vets GC B cell populations for increased affinity for the immunogen [33,34]. Indeed, GC B cell survival and proliferation is determined by BCR affinity and the capacity of each B cell to collect and present antigen to local GC T-helper (TFH) cells [35].

Clonal selection in GCs depends on relative BCR fitness (affinity and specificity) and changes over the course of the immune response as novel V(D)J mutations exert their effects. A GC represents an “experiment” in clonal evolution with regard to the founding B- and T-cell populations and the order and distribution of the introduced V(D)J mutations. A conundrum of bnAb development is how GC B cells could acquire mutation frequencies of 15%–30% while maintaining their ability to bind antigen and effectively compete for TFH help. In general, as mutant BCR fitness (affinity) increases, it becomes increasingly likely that additional mutations are maladaptive. Reduced BCR fitness in GC leads to rapid clonal elimination [36,37] and there is no reason to believe that the capacity to neutralize multiple HIV-1 clades—or to neutralize at all—provides any selective advantage to GC B cells.

At least three hypotheses are currently proposed to explain the high mutation frequencies of HIV-1 bnAb. First, that these mutations are necessary to modify germline Abs so as to meet unusually stringent structural requirements. These structural requirements might include not only high affinity, but also restriction to a core epitope that is poorly recognized by the primary, germline, Ab repertoire [31]. Two alternative hypothesis are influenced by the observations of frequent poly- and/or autoreactivity among bnAbs [2,30]. One alternative hypothesis is that many (most?) conserved HIV-1 neutralizing epitopes have been selected to mimic host antigens; consequently, bnAbs are heavily mutated because the germline Ab/BCR that best recognize these epitopes are lost to immunological tolerance. In this model, affinity maturation for a neutralizing epitope represents de novo mutation and selection acting on weakly cross-reactive, previously mutated B cells [2,3,23,30]. Another, related and non-exclusive possibility is that the structural overlap between HIV-1 neutralization- and host epitopes is close but not complete. In this case, mutated, anergic B-cells with neutralization activity undergo virus-driven, “conflicted” purifying selection that acts on V(D)J residues that remove self-reactivity while maintaining affinity for the neutralization epitope [28]. Autoreactivity has been shown to increase in the human GC B cell compartment as a result of V(D)J mutations that alter antibody specificity [38].



3.2. Wolves in Sheep’s Clothing

Infection by HIV-1 poses a remarkable immunological conundrum: conserved neutralizing epitopes are present on HIV-1 envelope (Env) but rarely elicit protective Ab. The unusual, shared traits of bnAbs suggest an atypical clonal evolution that would normally decrease, not enhance, B-cell fitness [2]; they almost certainly represent the efforts of the immune system to both respond to weakly immunogenic neutralizing epitopes, while avoiding producing antibodies with the polyreactivity, long heavy chain complementarity determining (HCDR3) regions and high levels of SHMs.

At least one evolutionary strategy used by pathogens to moderate immunogenicity is host mimickry; immunological tolerance can limit or prevent the production of Ab against microbial epitopes that mimic host structures [30]. For example, Ab elicited by bacterial adhesin FimH of fimbriated pathogens cross-reacts with lysosomal membrane protein-2 (LAMP-2) and causes pauci-immune focal necrotizing glomerulonephritis (FNGN) [39]. Similarly, Campylobacter jejuni lipooligosaccharide (LOS) shares epitopes with mammalian, neuronal gangliosides [40], a mimickry associated with modest Ab responses in a minority of infected patients [41]. Immunization of normal mice with C. jejuni LOS elicits weak, T-dependent Ab responses but these are greatly enhanced in mice unable to generate complex gangliosides [41].

More recently, we and our colleagues have demonstrated that HIV-1 Ab responses to two highly conserved, neutralizing epitopes of the gp41 MPER of HIV-1 are suppressed as a consequence of immunological tolerance. The 2F5 and 4E10 epitopes of HIV-1 exhibit significant structural similarity to proteins present in most mammals and the B cells that recognize these shared determinants are lost during their development [3,23,24]. Briefly, Verkoczy et al. has generated knock-in mice that carry the V(D)J rearrangements of the 2F5 or 4E10 bnAbs; these mice support robust early B-cell development, but exhibit a characteristic block at the small pre-B to immature B cell transition that defines the first tolerance check-point [23,24,38]. This developmental blockade is also present in mouse lines carrying the unmutated, i.e., germline 2F5 V(D)J rearrangements, that were expressed by the naïve B cells that gave rise to the high-affinity, mutated 2F5 MPER bnAbs [42].

Our studies in knock-in animals defined the mutated and germline 2F5 V(D)J rearrangements as sufficiently autoreactive to trigger physiologic tolerance, but they did not define the self-antigens mimicked by these MPER epitopes [23,24,28]. Using traditional immunoprecipitation and protein microarrays we identified two highly conserved host self-antigens that were avidly recognized by the 2F5 and 4E10 bnAbs: kynureninase (Kynu) and splice factor 3B3 (SF3B3), respectively [3]. Kynu and SF3B3 effectively inhibit the binding of the 2F5 and 4E10 bnAbs to their HIV-1 MPER epitopes; in the case of Kynu, this inhibition is mediated by amino acid identity between the HIV and host protein [3]. A larger survey of HIV-1 bnAbs by these same methods [22] indicates that mimicry of host antigens is common, supporting the hypothesis that viral evolution favors structural similarity with host proteins as a way to mitigate immune responses that diminish transmission [30].

Microbial mimicry of host antigens is an effective strategy to mitigate humoral immunity in the infected host. We propose that this evolutionary strategy is more widespread than currently recognized and a principal component of weak neutralizing/protective Ab responses to key microbial epitopes. Indeed, one of the central issues of host-pathogen biology has been whether, or to what extent, self-tolerance limits the B- and T-cell repertoires available for responses to pathogens. Work from the Nussenzweig laboratory has shown that in humans, approximately half of the primary naïve B cell repertoire is lost to the first and second tolerance checkpoints [38,43]. It would be surprising if such substantial losses did not reduce the capacity to react with viruses and other microbes, but the degree to which this happens is not known. If tolerance substantially reduces the antibody repertoire available for protective immunity to pathogens, a new world of (potentially useful) epitopes is hidden by immune tolerance.



3.3. Physiological B-Cell Tolerance

B cells develop from lineage-specific progenitors that express the V(D)J recombinase [44] and first rearrange the immunoglobulin heavy locus (IGH) gene loci to generate a pre-B cell receptor (pre-BCR). The pre-BCR do not bind antigens but their assembly is necessary for continued cell survival and proliferation. Pre-B cells exit the cell cycle as pre-B II cells, initiate rearrangements in the κ or λ light-chain loci and assemble a mature BCR that binds antigen. The generation of BCRs by combinatiorial association of V (variable), D (diversity) and J (joining) gene segments generates a diverse primary repertoire of BCRs but frequently produces self-reactive B cells [38,43].

Indeed, most newly generated, or immature B cells in the bone marrow are autoreactive and must be eliminated or inactivated by immunological tolerance. The remaining B cells mature through the transitional 1 (T1) and T2 stages, which are characterized by changes in membrane IgM and IgD expression and the loss or diminution of markers associated with developmental immaturity. In the periphery, newly formed (T2) B cells are subject to a second round of immune tolerization before entering the mature B-cell pools.

Three mechanisms of immunological tolerance are known to deplete B-cell pools of self-reactivity: apoptosis, cellular inactivation by anergy and replacement of autoreactive BCRs by secondary V(D)J rearrangement [45,46]. The majority of lymphocytes committed to the B-cell lineage do not reach maturity as they do not express functional µH polypeptides or because they carry self-reactive BCRs [47,48].

Autoreactive B cell numbers decline with increasing B-cell maturity. Tolerance mechanisms, especially apoptotic deletion, operate during the transitional stages of B-cell development, and the number of self-reactive cells decreases substantially after entry into the mature pools. Nonetheless, not all autoreactive B cells are lost; some 20%–25% of mature, naive B cells circulating in human blood express autoreactive BCRs [38,43].

The corollary to our proposal that the infrequency of bnAbs production is due—at least in part—to the deletion/inactivation of HIV-1 specific B cells that acquire autoreactivity [3,23,24,25,27] is that HIV-1 infected subjects with autoimmune diseases might be more capable of developing bnAbs [30]. Observations that subjects with systemic lupus erythematosus (SLE) and HIV-1 infection are reported at disproportionately low frequencies support this hypothesis [49,50,51,52] but to date, no direct evidence on this point has been published.



3.4. Looking Backward

Pathways leading to bnAb generation have been traced by following the evolution of B-cell lineages back to their origins, the unmutated, mature IgM+IgD+ B cells that first responded to virus infection [30,53,54]. Can these recently discovered pathways define a method for the generation of protective Ab responses by vaccines?

Current HIV-1 vaccines can elicit strain-specific neutralizing Ab but not bnAb; bnAb do arise, however, in approximately 20% of HIV-1-infected individuals, albeit after years of infection [55,56,57,58]. These uncommon bnAb responders provide an opportunity to follow the bnAb response backwards, in effect, reversing B-cell evolution to identify antigen-ligands that might re-create this (or comparable) bnAb pathways in many individuals [2,59,60].

Harnessing recent advances in flow cytometry, viral genomics, human B-cell culture, recombinant antibody technology, 454 deep sequencing, and bioinformatics, Liao et al. [54] recently demonstrated the co-evolution of HIV-1 and a bnAb B-cell lineage that produced Ab directed to the virus CD4 binding-site. Sequence analysis of virus and antibody V(D)J genes successively recovered from an infected patient revealed that the unmutated B-cell ancestor of this bnAb lineage strongly reacted with Env of the transmitted/founder virus. This ancestral B cell did not exhibit bnAb activity but the evolution of neutralization breadth increased over time and was associated with viral diversification suggesting immune-mediated selection at the neutralizing epitope [54].

Together, the bnAb and virus sequence data assembled by Liao and his colleagues [54] describe the viral and Ab/B-cell evolution culminating in bnAb production. Importantly, the evolving, mutant BCR of the bnAb lineage could be shown to react strongly with successive HIV-1 Env mutants. This shared pattern of reactivity, immediately provided a starting point for Env vaccine constructs to induce reproducibly bnAb generation [2,53] (Figure 1A).

Figure 1. Synopsis of proposed vaccine strategies. (A) The B-lineage vaccine approach to eliciting HIV-1 bnAb responses in vaccinees is based on the recapitulation of clonal evolutionary pathways that lead to bnAb in a single HIV infected patient [2,54]. This approach relies on the technical capacity to identify, recover, and characterize bnAb B cells and/or plasmacytes from HIV-1 infected patients. BCR encoding gene rearrangements isolated from single bnAb cells are then used to to follow the bnAb response backwards, in effect, reversing B-cell evolution to identify antigen-ligands that might re-create this (or comparable) bnAb pathways in many individuals [2]. In this way, vaccine ligands can be generated and optimized to select for the desired—bnAb—evolutionary pathway; (B) The ancillary approach is us to identify those cells in the naïve B-cell pools capable of recognizing HIV-1 neutralizing epitopes and/or optimized, lineage design, vaccine immunogens. In this approach, cultured B cells are driven to proliferate by exposure to CD154 and immunogens capable of driving bnAb production can be modified to activate the largest possible pool of specific B cells. In consequence, we can study HIV-1 antigen epitopes without regard to their ability to elicit significant humoral responses: antigenicity minus immunogenicity.
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Interestingly, Liao et al. [54] observed that intense virus selection and diversification preceded the development of bnAb activity and that neutralization breadth was associated with the acquisition of poly- and autoreactivity. These findings imply that serial vaccine immunogens optimized for binding to the founders and intermediates of bnAb lineages [2] would likely mimic the natural pathways for bnAb development and be capable of overcoming the limiting effects of immune tolerance on bnAb generation. If so, this novel immunization approach offers a logical strategy for inducing B-cell evolution along rare bnAb pathways that cannot be elicited by conventional, single-immunogen vaccines.





3.5. At the Beginning

As an adjunct to the use of serial, optimized immunogens to elicit known bnAb pathways, we have developed culture systems [60,61] for naïve B cells that permit the dissociation of antigenicity and immunogenicity. In brief, we culture single B cells under conditions that support extensive cell proliferation and efficient plasmacytic differentiation [62]. The specificity of Ab secreted into each clonal culture can be screened rapidly in multiplex assays to determine specificity and avidity; the new recombinant Ab technology makes it a simple matter to generate larger quantities of Ab for neutralization studies. Perhaps most significantly, in addition to mature IgM+IgD+ B cells, we can culture late pre-B cells, immature/transitional (imm/T) B cells, GC and memory B cells, and “anergic” B cells [24,28,61]. We can, therefore, identify and characterize the primary B-cell repertoire before and after the first- and second tolerance checkpoints to determine their role in regulating HIV-1 bnAb production.

These cultures allow us to identify and study (in mice and humans) the potential B-cell repertoire—i.e., before the tolerance checkpoints—capable of recognizing HIV-1 neutralizing epitopes and to contrast that with the post-tolerance, expressed repertoire that initiates humoral responses. Cultured B cells are driven to proliferate by exposure to CD154 (CD40L), and although BCR expression is necessary for cell survival, activation by epitope ligands is unnecessary. In consequence, we can study HIV-1 antigen epitopes without regard to their ability to elicit significant humoral responses: antigenicity minus immunogenicity.

We are using this novel technology to identify and characterize unmutated BCR/Ab that recognize neutralizing HIV-1 epitopes in the gp41 MPER and gp120 CD4 binding site. The biology and structures of these Env epitopes are exceptionally well characterized and available as highly purified recombinant proteins. We plan on screening vaccine immunogens that initiate BnAb lineages (Figure 1A) for their capacity to react with the broadest possible subset of naïve B cells (Figure 1B). In this way, engineered B-cell lineage immunogens [2] can have the widest possible impact in genetically diverse vaccine populations.




4. Moving Forward

The long delayed appearance and infrequency of HIV-1 bnAb production has re-opened one of immunology’s central questions: to what extent does self-tolerance impact immunity to pathogens? It has been widely assumed that self and foreign epitopes are virtually non-overlapping and that whereas tolerance may remove some pathogen-specific B cells, epitope coverage is not significantly affected. We and others have now shown that, at least for some HIV-1 neutralizing epitopes, this is not the case: the overlap between foreign and self-antigens can be significant and has substantial impact on protective immunity. This demonstration opens the way to new vaccine strategies. We note that the host-mimicry by microbial epitopes is not necessarily a barrier to using them in vaccines [2,54,63].

The simplest form of a lineage-based vaccine design [2], is offered by the recent work of Liao and colleagues [54]. In this example, a candidate vaccine could be constructed by using serial isolates of mutant HIV-1 Env to drive the evolutionary intermediates of a known bnAb lineage. Whereas this vaccine strategy would be very likely to work in the same infected individual, whether it would be equally effective in genetically dissimilar vaccines remains a crucial question. Nonetheless, the use of a known T/F Env to activate naïve bnAb B-cell ancestors followed by booster immunizations specific, mutated Env variants is an attractive approach to direct the BCR evolution along a pathway that leads to bnAb dominance [2]. Characterization of the primary B-cell repertoire will allow these selected immunogens to be engineered for the broadest possible reactivity that remains consistent with bnAb evolution. This approach will maximize vaccine effectiveness in diverse populations and may even identify naïve B cells that can produce bnAb sooner or with fewer V(D)J mutations.

A variation on the theme to the idea of lineage-based vaccines based on established natural histories of bnAb responses [2,54], is the design of HIV-1 immunogens designed to interact with specific antigen-receptors on naïve B cells [17,64]. This rational approach to immunogen design is analogous to that used to develop or modify drugs and depends on the remarkable wealth of structural data available for bnAb and their neutralizing epitopes [17]. It has in common with B cell lineage design the targeting of unmutated ancestor antibodies of bnAb lineages [2]. At present, the high specificity of this approach is both a strength and a weakness: nanoparticles bearing the CD4 binding site epitope recognized by the VRC01 bnAb [64] activate B cell lines expressing the VRC01 Ab and its inferred germline counterpart, but as mice, rabbits, and rhesus macaques lack VH gene segments capable of interacting with the immunogen, the utility of these vaccines has not yet been determined in immunization studies [17,64].



5. Conclusions

It is now clear that weakly immunogenic, but powerfully neutralizing epitopes exist not just on HIV-1 [65] but also on pathogens as familiar as influenza [66,67] and C. jejuni [41]. We propose that these potentially useful, cryptic epitopes are common on microbial antigens and can offer new and useful targets for vaccine development. The nature of these weak immunogens demand, however, novel vaccine strategies and new ways of thinking about immune activation and high-affinity antibody selection.
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